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from huring to their complete decomposition to carbon.

In the first part of the experimental study, the curing and
thermal decomposition of unreinforced polymeric matrices are
studied and their properties (weight less, shrinkage, strength,
plasticity) in various thermal treatment stages are determined.

The second part of this work covers the production of com-
posites 'reinforced unidirectionally with carbon fibers and their
thermal aftertreatment, leading to the formation of carbon-carbon
composites. The effects of the curing- and pyrolysis-shrinkage of
matrix materials on the strength properties and the structural
integrity of composite systems are studied, and various measures
are taken to solve problems arising from matrix shPinkage.
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pages 130-135.
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CARBON-FIBER-REINFORCED POLYMERS AND THEIR THERMAL DECOMPOSITION
TO CARBON-CARBON COMPOSITES

A. Burger

1.' InIo,du&ction a and s ear c h t Opic

1.1 Introduction to fiber-reinforced composites

The development of fiber-reinforced composites began early /1
in the 19 4 0s with the study of the combined fiberglass.'synthetic
resin matrix in the U.S. [1]. Systematic further development
gained a firm place among.,construction materials for this com-
posite, which is now finding extensive application in various
areas of engineering (e.g. production of equipment, vehicles and
ships; aeronautics and astronautics).

Since glass fibers exhibit extremely high tensile strengths
but a low modulus of elasticity [2],research work during the
last 15 years has concentrated on those fiber materials which
promised not only high strength but also a high modulus of
elasticity. These primarily included fibers of the elements
boron, carbon and beryllium, as well as carbides, nitrides,
silicides and oxides. The rapid development of rigid fibers of
high tensile strength based on these materials [2 - 4] satisfied
conditions for extensive studies in the area of new high-strength,
rigid fiber-reinforced composites .during the 1960s.

At first, a return was made to the reinforcement of plastics
here, making use of the technology of the production and processing
of fiberglass-reinforced plastics. Since boron and carbon fibers
proved to be of particular technical interest among the modern
reinforcing fib'ers, the development of boron- and carbon-fiber-
reinforced plastics was given special preference. Such composites
are already being used technically L5]. Their application is
limited primarily to aeronautics and astronautics, however, where
high strength and low structural weight have such a decisive
effect on performace limits that the considerably higher costs
of a boron- or carbon-fiber-reinforced plastic mode of construction/2
relative to that of metal or fiberglass-reinforced plastic are
considered acceptable.

Probably the most important goal now in the development of
the new fiber-reinforced polymers is the raising of maximum
permissible utilization temperature. For fiberglass-reinforced
epoxy and polyester resins, this temperature is less than 150 0 C
for continuous applications. The reason for this limit is the

1 Numbers in the margin indicate pagination in the foreign text.
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low long-term heat resistance of only about 80 - 130C00 of the
matrix materials [6]. These materials can take higher thermd
Esig for brief periods, but a further rise in the utilization
temperature would also be limited by the glass fibers, since they
rapidly lose strength with increasing temperature [2].

The development of the carbon-fiber-reinforded plastics does
represent an important advance with regard to rigidity, but not
an improvement in heat resistance. The carbon fibers themselves
possess excellent mechanical properties up to temperatures of
about 25000C; however, the sustained-use ' temperature of carbon-
fiber-reinforced composites is limited by the thermal stability
of the matrix, just as in the case of fiberglass-reinforced plas-
tics.

A matrix of increased thermal stability is required to make
use of the high-temperature properties of carbon fibers. In
the case of polymeric materials, this goal can be achieved only
through either a chemical modification of the conventional lamina-
ting resins used to date or the application of new high-temperature-
resistant polymers developed in recent years.

While fiber reinforcement was long restricted to plastics,
increasing attention has been given in past years to the rein-
forcement of metallic and ceramic materials. Among the metals,
the reinforcement of aluminum appeared to be of prime technical /3
interest because of its low specific gravity and its good elec-
trical conductivity. The development of boron- [7,8] and carbon-
fiber-reinforced [9, 10, 11] aluminum and other fiber-reinforced
metals [12] is still in its initial stage, however.

Among the ceramic materials, the emphasis in earlier studies
was placed on the development of a carbon composite reinforced
with carbon fibers [13 - 26], in order to impart even better
mechanical properties to carbon materials, with their many
excellent physical properties such as low density, extremely high
sublimation temperature, good electrical and thermal conductivity,
and high resistance to thermal shock.

As can be seen from the above discussion, matrix materials
are involved that exhibit different failure behavior. The best
reinforcement effect is known to be obtained with ductal matrix
materials (thermoplastics, plastically deformable metals). But
even with brittle matrix materials we achieve appreciable rein-
forcing effects, particularly if the modulus of elasticity of
the reinforcing component!is orders of magnitude higher than that
of the matrix component (boron-fiber reinforced epoxy resin).
Reference may be made to the energy-consuming pull-out effect,
which causes an appreciable obstruction of crack propagation and
th s increases impact strength, even in a combination of brittle
fibers in a brittle matrix with a small difference in the moduli
of elasticity [27, 28]; see also Section 2.31.
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1.2. Topic of this work

The topic'of this work is the development of carbon-fiber-
reinforced composites with polymeric matrix materials which can
be used at the highest possible temperatures. The following
potential alternatives are atailable for this: /4

a) chemical modification of conventional laminating
resins,

b) application of new high-temperature-resistant
polymers,

c) thermal aftertreatment of polymers in both groups.

The work is concerned ;,especially -with subproblem b)
(polyimides) and particularly c). Thus the emphasis was on
studying the thermal aftertreatment of polymers, from 'curing to
their complete thermal decomposition to carbon.

We already know that wetted polymers shrink markedly during
thermal aftertreatment. In the case of complete thermal de-
composition to pure carbon, linear shrinkage amounts to up to
25%. Aside from the first partial results of this work already
published [29, 30, 21], no detailed studies by other authors are
available concerning the thermal decomposition of fiber-reinforced
wetted polymers to produce carbon-fiber-reinforced articles of
carbon, however.. The matrix shrinkage accompanying the thermal
decomposition of such composites and its effects on compositeo ,

properties are therefore studied in this papeR .'

The following polymers were selected as hatrices and matrix
precursors for this study of carbon-fiber-reinforced polymers and
their thermal decomposition to carbon-carbon deposits: epoxied
resins, phenolic resin, furfuryl alcohol resins and polyimides.

a) Epoxy resins

The epoxy resins possess excellent room-temperature strength,
good chemical and thermal stability, low curing shrinkage and
excellent cementing properties. Thus they are already being given
preference in technical applications for fiber-reinforced com-
posites. Their properties can be varied within wide limits
through the choice of epoxy/hardener components. In this /5
work, the thermal stability of commercial epoxy resins, in par-
ticular, was to be improved /by modifying the hardener and
suitably adapting curing conditions.

b) Phenolic resins

The phenolic resins are used technically primarily for
moldable materials. They are generally not used for fiber-rein-
forced composites, since high molding pressures are needed to
harden them without bubbles. To be sure, they are characterized
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both by high strength and by good chemical and relatively high
thermal stability. In addition, they are considerably less
expensive than the epoxy resins and yield high coke residues in
complete pyrolysis. These properties also make them appear prom-
ising as laminating resins ;and as matrix raw materials for
carbon-fiber-reinforced carbon items. Phenolic, resins will
therefore be studied intently in this work.

c) Furfuryl alcohol resins

The furfuryl alcohol resins are characterized by their
extremely good resistance to chemicals and high heat resistance.
These resins are inexpensive and, like the phenolic resins,
produce large coke residues upon complete pyrolysis. To date,
they have been employed primarily as impregnants in the syn-
thetic carbon industry [31] and as raw materials in the varnish
industry [32], as well as for the production of glass-like carbon
[33,.34, 35]. In this work, they are used only for comparison
with the phenolic resins.

d) Polyimides

The polyimides are among the newly developed high-temperature-/6
resistant plastics and exhibit a sustained temperature resistance
of 250 to 300 0 C. While most high-temperature-resistant plastics
are insoluble and infusible and can be processed only with sin-
tering techniques, polyimides can still be handled easily in
the form of their soluble and fusible prepolymers. Like the
phenolic and furfuryl alcohol resins, they produce high coke
yields upon thermal degradation. Various types which recently
have become commercially available have been studied both as
matrix and as a precursor for the carbon matrix in this work.

Within the scope of this work, a check has primarily been
made as to the extent to which the selected polymers are suitable,
if at all, as matrices for carbon-fiber-reinforced composites.
The following aspects will be taken into consideration here:

a) easy workability
b) go6d wetting behavior relative to carbon fibers
c) curing without pores

After this preliminary investigation, a special study will
bY--imade as to whether the thermal stability of fiber-reinforced
polymers can be improved by thermal aftertreatment (aftercuring).

Finally, a study will be made as to whether carbon-fiber-
reinforced carbon items can be produced from the composite systems
through their complete thermal degradation, and possibilities for
overcoming the problems to be expected from matrix shrinkage will
be investigated.



:2.Genetal. aspets of calculating and measuring mechanical ,, /7

properties of fiber-reinforcedr. composites

2.1. Structure of fiber-reinforced composites

Fiber-reinforced composites are combined materials -- and
consequently heterogeneous in terms of their structure and
behavior -- which are taking the place of conventional materials
more and more because of their excellent mechanical properties.
While the fiber in a composite functions as a reinforcing and
stiffening component, the matrix must fulfill the following tasks:

1. It supports and unites the fibers, which have
little technical importance as an independent element.

2. It protects the reinforcing component from ambient
effects.

3. It isolates the individual fibers from one another
and thereby prevents their shearing one another, as well as the
propagation of cracks in the brittle phase.

4. It transfers forces acting upon the object from
outside to the fibers.

The mechanical properties of fiber-reinforced composites
are primarily determined by their geometric and material structure.
The partners involved in the structure of a composite must be
matched both in their material properties and with regard to the
interactions between them. High levels of reinforcement and
stiffening can in principle be achieved only if fibers of high
strength and high modulus of elasticity are imbedded in ductal
matrix materials of low strength and low modulus of elasticity.

The prerequisites for an optimum interaction of matrix and
fiber in the composite are, first of all, good matrix wetting
behavior with respect to the reinforcing fibers and, secondly,
good adhesion between the two components. Damage to the rein- /8
forcing material As the result of chemical reactions at the
fiber/matrix phase. 'interface or as the result of physical mass
transport processes in areas close to the surface is undesirable,
since the mechanical properties of the composite are then impaired.

The geometry of the heterogeneous structure of fiber-reinforced
composites results from the way in which the fibers are imbedded
in the matrix material and from the longitudinal extension of the
reinforcing component in the composite. Accordingly, we differen-
tiate between a random and an oriented arrangement of reinforcing
material and between discontinuous and continuous fiber
reinforcement.

Composites with continuous fiber reinforcement oriented
parallel to the direction of load exhibit the highest degrees of
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reinforcement and stiffening, since all fibers are made use of
and the mechanical properties of the fibers are fully exploited
because of their unlimited longitudinal extension within the
composite.

While external forces can be absorbed and passed on by the
fiber ends in the case of continuous fiber reinforcement, they
must be transfered to the fibers with the aid of the matrix in
the case of discontinuous fiber reinforcement. A condition for
force transmission is adequate adhesion between matrix and fiber.

2.2. Prediction of the mechanical properties of composites
reinforced unidirectionally with discontinuousand
continuous fibers

The exact prediction of the strength behavior of composites
with discontinuous fiber reinforcement is very difficult. Several /9
theories exist regarding longitudinal stress distribution in the
matrix/fiber interface under an external tensile load in the
direction of the fibers, the validity of which could be checked
by studies performed on model composites. Holister and Thomas
[36] and Broutmann and Krock [37] provide a summary of the basic
papers.

Theory and practice indicate that a discontinuous fiber in
the composite can be subjected to maximum tension only if its
length is equal to or greater than a critical length. For the
case of an elastically deformable fiber and matrix, according to
Dow [38] and Sutton [39], critical fiber length l1 rit is found
to be

1 *804 -crit

005 (2-1)
w24e / (1+(x,/u) 48 ))

1-3 (Gr/G) + 2(G,/G,) (x. 1) xa, -1)

and:

dF = fiber diameter

GF, FM = shear moduli of fiber and matrix, resp.

EF, EM = moduli of elasticity of fiber and matrix

xF, xM = fractions, by volume, of fiber and matrix.

If the fiber deforms elastically and the matrix plastically,
according to Kelly and Tyson [40], critical fiber length is found
to be:

ar d ' (2,2)
ci'i iT * /106rit 2
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Where:

aF = tensile strength of fiber

dF = fiber diameter

T = shear strength between fiber and matrix.

The tensile strength and modulus of elasticity of continuously
and discontinuously reinforced composites with a unidirectional
arrangement of fibers are calculated by alligation from the
relationships [41]:

z * IF a " (2-3)cont al(

0Vd = I an ag 0 a " * (2-4)
disc

where a O

air * a oil5

cont v u (2-5)

and disc c6nt ' crit (2-6)

XF, xM = fractions, by volume, of fiber and matrix

xF = minimum fraction of fiber, by volume, which must be
min exceeded if the composite is to exhibit a higher tensile

strength than the matrix Without fiber

*F, M = tensile strengths of fiber and matrix

64 = tensile stress in matrix at fiber fracture point

= mean tensile strength in fiber which results from the
stress profile along the fiber

E = fiber modulus of elasticity

do M/d = slope of matrix stress/strain curve at fiber f a ture /11
point

1, Icrit = length ahd critical length of fiber

Equations (2-3) through (2-6). apply' to an elastically
deforming fiber in an elastic or plastic matrix, but only under
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the condition that the load be applied in the fiber direction.
If the load is applied at an angle to the fiber direction, the
mechanical behavior of the composite changes. The composite
tensile strength a predicted by equations (2-3) and ((2L)
decreases at an = 0--agngle 4 'crit The relationship
for the reduced tensile strength is crit. [41]:

1.5 gN  (2-7)

%crit

*11.5 rN

where ' crit - 1 t
crit 

V#-

and;

tM = shear strength of matrix

S= angle between fiber direction and direction of applied load

crit = critical angle beyond which composite:' strength is impaired.

2.3. Measurement of mechanical properties

A knowledge of the mechanical properties of fiber-reinforced
composites is a condition for their use as construction materials.
Due to the anisotropic nature of the materials, many problems
arise in the determination of their strength behavior which do not
occur in the testing of conventional materialb. /12

The same testing methods generally used for isotropic
materials are sometimes applied to fiber-reinforced composites.
In addition, test methods are applied which are tailored to the
problems associated with composites, e.g., the measurement of
interlaminar shear strength (see Section 2.31).

Test methods which are based on the destruction of a
specimen and nondestructive test methods are both employed. Due
to the anisotropy of fiber-reinforced composites, data concerning
the directional dependence of the properties are absolutely
necessary.

The standardization of specimens and test conditions is still
in its initial stages. Even standards which already exist for
fiber-reinforced composites frequently prove to be inadequate [42].
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2.31. Survey of test methods

For certain applications, it is sufficient to know the
behavior of fiber-reinforced composites under static loads. If
these materials are to be widely applied, moreover, it is also
necessary to know their behavior under dynamic loads. The most
important tests presently applied as standard methods for fiber-
reinforced composites are discussed in the following.

a) Tensile test, (static test)

It has already been indicated in Section 2.1 that for
composites with discontinuous fiber reinforcement, external forces
must be transmitted to the fibers via the matrix. Measuring /13
tensile strength thus tells something about the state of bonding
between matrix and fibers.

In the case of composites with continuous fiber reinforcement,
this information is lost, since the external load is taken up and
transmitted by the fibers. The tensile test is still very impor-
tant, however, in that it provides information as to whether the
fibers have been damaged during incorporation into the matrix or
whether the matrix itself has caused fiber damage.

Shouldered specimen bars such as those used for testing
isotropic materials have proven unusable for testing composites
with continuous fiber reinforcement. Due to the high ratio of
longitudinal strength to interlaminar shear strength in these
materials, necking causes premature failure of the specimens [43].
NOL-rings complying with ASTM Standard D 2290-64 T and unnecked
flat bars, reinforced at the ends by cementing on metal strips
(tabs), have proven themselves.

b) Bending test (static test)

The bending test has the advantages, iover the tensile test,
that all clamping problems are dispensed with and simple specimen
shapes can be used. In addition, the bending test ensures an
unequivocal uniaxial state of stress, whereas in the tensile test,
the specimen is frequently subjected to multiaxial loads as the
result of a certain amount of bearing friction intthe specimen
mount. Premature failure occurs in such cases, particularly when
brittle materials are involved.

When the bending test is performed on continuously reinforced
composites, the external load must be transmitted from the matrix
to the fiber, so the measurement of bending strength primarily
yields information on the structural integrity of the composites.
We know from the literature that excessively low strength values /14
are geherally determined if ratios of support width to specimen
thickness are too small, due to shear deformation on the neutral
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axis. In order to measure true values, shear deformation must
be reduced to the point that pure tensile or compressive failure
occurs. In general, l/d ratios between 40 and 60 are required
for this [44].

c) Shear test (static test)

Fiber-reinforced composites are frequently subjected to
a shear load, in addition to tensile and compressive loads. Due
to the layered structure of these matetials, the shear component'
is very important, since the individual layers can be separated
by shear stress. This separation process (delamination) is
primarily a function of the state of matrix/fiber bonding.

A quantitative measure of the state of bonding is inter-
laminar shear strength. Four test methods are known for deter-
mining its [451:

1. tensile shear test (in accordance with ASTM D 2345-65 T)

2. bending shear test (if accordance with ASTM D 2344-65 T)

3. transverse ten-sile test

4. cutting shear test.

Of the test methods listed, the bending shear test (short
beam test) is the simplest to perform and is therefore generally
used. The problem associated with this 'test method is that pure
shear failure of the specimen on the neutral axis (delamination)
only occurs with a narrowly limited 1/d ratio (in general, 1/d =
4 to 6). If this range is exceeded, tensile or compressive
fracture occurs. With too small an 1/d ratio, on the other hand,
puncture fracture occurs. Thus, the 1/d ratio must always be /15
specified along with bending shear strength. In addition, the
fracture pattern must also be considered. If the specimen..does not
tear on the neutral axis, but puncture, tensile or compressive
fracture occurs, the calculated shear strength (see Eq. (2-9),
Section 2.32) provides only a minimum value, at which no delamina-
tion yet occurs.

d) Impact test (dynamic test)

In contrast to the above static test methods, material
fracture with highly reduced deformation occurs in impact tests,
due to the high rate of load application [46]. The impact energy
consumed in specimen separation, divided by the broken-through
specimen cross section, is defined as impact toughness.

The impact toughness of composites is generally tested by
the Charpy or Izod method with a pendulum impact machine. The
specimens subjected to bending here are usually nothedin orderj
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to reduce deformation and thus the absorption of work. Both
specimen dimensions and notch dimensions greatly influence the
absorption of work. When impact toughness is specified, it should
therefore be given with an exact description of the specimen
shape used.

Under the action of impact loads, composites generally
exhibit a complex fracture behavior. If the fibers are imbedded
in the matrix without defects and if adhesion between the two
components is good, brittle fracture occurs. In this case, the
impact energy consumed in specimen separation is low. If the
state of bonding between fiber and matrix is poor, delamination
processes occur in the specimen and the fibers are also pulled
out of the matrix (pull-out effect); this is connected with a
high consumption of impact energy [47].

e) Fatigue test (dynamic test) /16

The test methods covered so far are limited to a study of
the behavior of composites under a single load. The fatigue
test;', on the other hand, is used to study the behavior of
materials under alternating dynamic loads. Production effects
are manifested primarily under alternating dynamic loads, so
the results of fatigue tests simultaneously provide information
on the quality of the production method.

It is known from studies on carbon-fiber-reinforced plastics
that the tolerable alternating torsional or bending load is
still about 50% of the static fracture load after 106 load cycles
[48]. Fiber-reinforced composites thus likewise prove to be
high-performance materials with regard to their dynamic properties.

f) Ultrasonic test (dynamic test)

Of the conventional nondestructive materials tests, ultra-
sonic testing has primarily been adopted for fiber-reinforced
composites. The following methods of ultrasonic testing are
used [49]:

1. resonance method (in accordance with ASTM E 113 - 55T)

2. pulse reflection method ( in accordance with ASTM E 114 - 63
and ASTM E 214 - 63T)

3. transmission method

All three methods prove to be usable for determining defects
in specimens. Cracks, cavities and bonding defects can be
localized very precisely with their aid.

The determination of dynamic elastic constants of composites
by means of ultrasonic methods has so far proved to be
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problematical. The geometric structure of these materials and
their fiber and air-bubble content affect sonic velocity con- /17
siderably, so the data obtained exhibit high dispersion [47].

2.32. Measurement methods used in this work.

Of the test methods listed in Section 2.31, the tensile
and bending tests and the bending shear tests were used to
evaluate the strength behavior of unidirectionally reinforced
composites. A tensile test was the only method used in the
case of matrix materials. All measurements were performed at
room temperature.

a) Tensile test

The tensile strength and moduli of elasticity of the
composites and of the matrix materials were determined from
graphs of force versus change in length, taken with a type TM-ML
electronic tensile testing machine by Instron, England. Length
change was measured with a type G-51-11 M strain pickup by
Instron, with a resolution of 1:1000. The rate of load applica-
tion was 0.1 cm/min. The gauge _length of the spec)imen bars was
70 mm; grip length was between 25 and 50 mm.

In order to avoid a high surface pressure on the specimens
in the gripping device as the result of poor frictional linkage
and thus to prevent clamping fractures, frictional linkage was
improved by lining the metal clamps with Pegulan (soft PVC) and
by cementing the specimensto the gripping faces with medium-fine
emery paper and UHU-Plus.

b) Bending test /18

The bending tests (three-point bending) were performed on
a type Z 423 bending test machine by Zwick, Einsingen. A span
to specimen thickness ratio of 40:1 was chosen. 'Test speed was
0.16 cm/min; the bending ram used had a radius of curvature of
4 mm. Composite bending strength was calculated with the
expression:

a,. a.,,,/,-d,(2-8)

where:

Pmax = maximum load force on specimen [kp]

Ls = span [mm]

b = width of specimen bar [mm]

d = thickness of specimen bar [mm]

kp =kilbgram force
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c) Bending shear test

Interlaminar shear strength was measured in a bending test
(three-point bending) with a shortened support distance. The
span to specimen thickness ratio was 5:1. The small spans were
compensated for with a specially constructed ram with a radius 6f
curvature of 1.5 mm. The test speed selected was 0.16 cm/min.
The interlaminar bending shear strength of the composites was
calculated with the expression [45]

a0.x75 ! p/wmm (29)

where:

Pmax = maximum load force on specimen [kp]

b = width of specimen bar [mm]

d = thickness of specimen bar [mm]

Dispersion of data /19

The values given for the mechanical properties of
composites and matrix materials represent means from ten indi-
vidual measurements in each case. Maximum mean error in the
mean is + 5%.

3. Characterization of the starting materials used /20

3.1. Matrix- materials

3.11. Survey of the thermal stability and mechanical
properties of polymeric materials

Polymers can be divided into two classes, corresponding to
their behavior in heat. We thus distinguish between thermoplastics
and thermosets. Thermoplastics consist of linear or branched
macromolecules which are held together by intermolecular forces
but not by chemical bonds. The chain-like molecules can shift
relative to one another; the mobility of the chains can be
increased by raising the tefnperature. When heated sufficiently,
the thermoplastics soften until plastic flow occurs. Upon cooling,
they return to their original state, provided chemical degradation
has not occurred as the result of excessive temperatures [50, 51].

The dimensional stability of thermoplastics when heated is
determined by the mobility of the chain molecules. In addition
to temperature values determined by conventional test methods,
"glass temperature" can be used as a measure of high-temperature
dimensional stability. It possesses the advantage that it
represents a quantity which is unequivocally defined physically,
as a phase-transition temperature [52].
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Thermosets consist of- chain-like macromolecules which
possessed chemically active points on the chains. During curing,
cross-linking has occurred, i.e., molecular chains have become
bonded to one another at the chemically active sites by bridging
members to form a three-dimensional network. Displacement of
the molecules as in the case of thermoplastics is no longer
possible. The cross-linked thermosets can no longer soften even
if heated [50, 51].

In addition to the question of a polymer's high-temperature /21
dimensional stability, its chemical stability at high temperature
is of great importance. We know that bothDthermoplastics and
thermosets decompose when heated; not only the temperature but
also the time decisively affects decomposition. While the thermo-
sets can be subjected to brief thermal loads considerably above
their decomposition temperatures, their sustained-use temperatures
are far below the decomposition temperatures. In the case of
thermoplastics, the maximum utilization temperatures are on the
order of their softening temperatures, even under brief thermal
loads.

Table 1 provides a survey of the thermal and mechanical
properties of conventional plastics. Due to their low sustained-
temperature stability, these products are subject to narrow
limits in their use as construction materials. Intense efforts
to increase heat-resistant polymers have led to the development
of a series of new high-temperature-resistant plastics.

These new developments are primarily semiconductor polymers
with heterocyclic building blocks. In general, they are non-
cross-linked and thus belong in the thermoplastics category [53].
Due to the highly polar groups in the polymer chains, interactions
between the chains are so strong, however, that the glass tempera-
tures of these polymers are above their decomposition temperatures.
Known representatives of these new heat-resistant materials include
the polysulfones, polyimides and polybenzimidazoles listed in
Table 2, which are already being employed in industry. Their
sustained-use temperatures lie between 200 and 3000 C. Like all
polymers, these new types are sensitive to oxidation, and it is
necessary to distinguish between maximum application temperatures
in air and in inert gas.

3.12. Resins used /25

Conventional and new, high-temperature-resistant plastics
were sought for this work. Of the conventional plastics, epoxy
resins, phenolic resins and furfuryl alcohol resins were used
from the thermosetting class. The reasons for choosing these
resins have already been given in Section 1.2.

Of the epoxy resin group, a mixture of the two technical
epoxy resins Epikote 828 and 1031 by Shell Chemie, Hamburg, 1:1,

14



TABLE 1. PROPERTIES OF CONVENTIONAL PLASTICS

Class Group Sustained- Dimen:- Density Tensile Modulus of Elonga-peratureSetm stabilityis~a I K r T ciya rcue
use tem- sional strength elasti- tion at
perature stability at RT city at fracture,

(Martens) RT at RT

_cc] [ / (e/=3] kp/= 2]- kp/nun - ]

Thermo- Polyvinyl chloride

plastics and copolymers [54]

50- 60 40- 70 1.19-1.40 1.4-6.0 0.5-300 20- 400

Polystyrene and co-
polymers 154] p63- 85 63- 77 1.05-1.08 3.0-7.5 330 3- 30

Polyethylenes I541 o80- 95 40 +  0.92-0.97 1.0-3.3 20-140 200-1000

Polymethyl methac-
rylates and co-
polymers 154] 7S-100 so80-105os 1.17-1.18 7.0-9 O 320-480 3- 60

Polyimides [54] 80-100oo 1.06-1.15 3.0-7.0 150-240 o60- 250

Polycarbonates 154]1 135-140 115-127 1.20 6.2-6.7 220-250 80

+ Standard types
++ High-pressure polyethylenes with densities of 0.92 - 0.93 g/cm 3

+++ 6 -polyimide (Perlon)
ulN



TABLE 1, continued

Class Group Sustained- Dimen- Density Tensile Modulus of Elonga-
use tem- sional strength elasti- tioniatl

perature stability at RT city at fracture,
(Martens) RT at RT

Thermosets Phenolic resins 70-100 > 40 1.21--30 100900 0.5-6.0
155] 70-100 40 1.21-1.30 2 - 6 ,o0-oo0

Melamine resins 10oo >125 1.48 1 - 10 ca. 900 O.:-I.O

155]
Epoxy resins [ o 105-125 1.20-1.30 4 - a 350-450 1 - 2

Epoxy resins 1551 1o(80-130)
(6)

Unsaturated poly-
ester resins 155] 90-1o50 40o- as 1.20-1.o40 2 - 6 200-550 1.S-2.5

(80-120)
(6)

180 + +, - -
Furan resins 156]

230-260 - 1.6 -1.9 2.8-3.5 - -

Silicone resins (140-200)
+ Dis tio 157]n (6) wtAM 8

++++ Distortion temperature in accordance with ASTM 648-45T



TABLE 2. PROPERTIES OF NEW PLASTICS STABLE AT ELEVATED TEMPERATURES

Category Group Commercial Manu- Susi- Dimen- .De Tensile Modu- Elongation
name facturer tained sional sity strength lusof at- fracture,

use tern- stabil--a at RT elasti- at RT
perature ity . qty-at

SMartens RT
toCi toe] C9/a [kp/am=

Sigle-
coordina- Polymer Minnesota 200-250 - 1.36 9.1 260 10
tion poly- Polysulfones '36,0 [S Mg
aromatics

Hetero- P 13 N Cib- so250 - 1.33 7.7 390 2.5
cyclic IL 58] Gegy

Polyimidesmat ic s Rapton Dou Pont 240-260 340 1.42 9.5 270 90mati±cs I~ 9JS 3] (AtS
D 648)

Vespel Du Pont 260 250 1.43 7.4 - 5-6
SP-1 (AMI
FJ'] D 648)

- - 250-300 - 12 280 -
Polybenzimi,
dazoles [53] " "__,



was used., Epikote 828 is a liquid resin based on Jpichlorohydrin
and diphenylolpropane. Its epoxy value (moles epoxy per 100 g
resin) is 0.51 to 0.55. Epikote 1031 is a solid resin, melting
at about 800 C, based on bpichlorohydrin and tetraphenylolethane,
with an epoxy value of 0.42 to 0.48. While the required mechanical
properties are obtained with Epikote 828, Epikote 1031 improves
heat resistance. Acid anhydrides are preferably used as curers
for the Epikote resins, since they promise optimum cross-linkage
and thus ; good mechanical properties.

Of the phenolic resin group, a commercial resole was used:
solid Phenodur PR 373 (formerly Phenodur 373 U) by Reichhold-
Albert-Chemie, Wiesbaden. The resin melts about 801C and is
thermally curable, only. In the uncured state it is soluble in
alcohol, esters, ketones and glycol ethers.

Of the furfuryl alcohol resin group, a commercial furfuryl
alcohol resin, Furesan by HUIttenes, Dtsseldorf-Heerdt, and a
furfuryl alcohol / formaldehyde resin developed at the Institute
(molar ratio of furfuryl alcohol to formaldehyde, 3:2) [34] were
used. Both are liquid resins which are cured with acid catalysts.

Of the new high-temperature-resistant plastics, non-cross- /26
linked polyimides were sought from the heterocyclic aromatic
group. Only incomplete data are available on the chemical nature
of the polyimides. Basically, they are condensates of aromatic
diamines and tetracarboxylic acid anhydrides [53] which are used
in the form of their prepolymers in solution. The amide carboxylic
acid formed as an intermediate is not cyclized until the curing
step.

DuPont's first products are built up from pyromellitic dian-
hydride and 4,4'-diaminodiphenylmethane or 4,4-diaminodiphenyl
ether: 0

RS -CH2

II -0-

The follobwing three products, which are sold as soluble
prepolymers, were used in this work:

1. Polimide P 13 N by CIBA-Geigy, Basel, available in a
ca. 40% dimethylformamide (DMF) solution. The polymer is syn-
thesized from nadic anhydride, methylenedianiline and benzophenone-
tetracarboxylic dianhydtide:

0 0 0 0

0 0 0
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Curing takes place via the reactive end groups,

2. Kerimid 601 polyimide by Rh8ne-Poulenc, Paris. This /27
resin is available as a fine powder and is very soluble in polar
solvents, e.g., N-methyl-2-pyrrolidone(NMP). This polyimide is
a poly-bis-maleimide of the following formula:

0 0

9IIC N R R: -CH2-
-0-

0

It is cured in an addition reaction without the formation of
volatile components.

3. P61yimide QX-13 by Imperial Chemical Industries (ICI),
England, a powder. Suitable solvents include acetone and ethyl
methyl ketone. As a variant, the prepolymer can contain an
acetylated amine, causing the elimination of acetic acid during
curing.

3.2. Carbon fibers

3.21. Survey of technology and properties

Carbon fibers are produced by the controlled thermal
degradation of synthetic organic fibers. Suitable starting
materials include only those fibers which do not melt during
pyrolysis and which ensure a high carbon yield. Regenerated
cellulose (rayon), polyacrylonitrile and, 'ery recently, pitch
are the starting materials used to produce commercially available
carbon fibers.

Carbon fibers are generally produced in three steps [60]: /28

Step I : Pretreatmeht .(:up to about 300 0 C)
Step II : Coking (up to about 1200 0 C) .
Step III..: Graphitization (up to about 28000C0)

The first step includes stretching and cross-linking the
textile fibers. Thermal decomposition of the fiber materials
has already begun in this step.

In the second step, the pretreated fibers are decomposed
thermally in a vacuum or in an inert gas atmosphere to produce
"carbon fibers." Their carbon content is 91 - 98% [2].
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During the third step, the carbon fibers. are converted into
so-called "graphite fibers." The carbon content of the graphite
fibers is more than 98% 12]. According to Roland [61], the
graphite fiber is made of wavy bundles of parallel-packed, ribbon-
like planes of carbon hexagons which extend over a length of several
thousands of Angstroms in the direction of the fiber. Subjecting
the fibers to a stretching treatment in the carbon's plastic
temperature range can be used to enhance the orientation of the
wavy ribbons in the fiber's longitudinal direction, thereby
increasing the modulus of elasticity and tensile strength of the
fiber [60].

Today, carbon fibers are largely manufactured by continuous
methods and are available commercially as yarns and rovings with
1440 to 10000 individual fibers. The properties of various
commercially available carbon fibers can be seen from Table 3.
The products exhibit different characteristics, depending on the
degree of carbonization and stretching. The effect of the startihg
material on the mechanical properties of carbon fibers is of
lesser importance. Regardless of the raw-materials used, approxi-
mately equivalent maximum values for tensile strength aid modulus
of elasticity can be obtained. Density is merely higher in carbon
fibers of polyacrylonitrile.

The geometric profiles of carbon fibers correspond 'to /31
those of their starting fibers, since a fiber shape is retaind
during thermal decomposition. Carbon fibers of dry-spun polyac-
rylonitrile exhibit a kidney-shaped cross section. Carbon fibers
of wet-spunpolyacryionitrile and carbonized pitch fibers posses a
circular cross section. The surface of pitch fibers is smooth,
whereas polyacrylonitrile fibers are slightly wavy in the radial
direction. Pyrolized rayon fibers have a square to round cross
section, and their surface is covered with deep fluting in the
axial direction.

The high sensitivity of carbon fibers to abration forces
the manufacturers to cover almost all of their products with a
thin protective film. A coating of polyvinyl alcohol is common.
The PVA film can be rinsed off in boiling water or evaporated by
heating.

In addition to the standard types, fiber producers frequently
offer a type of fiber in their line which is characterized by a
special surface treatment. Adhesion between fiber and polymer
matrix is considerably increased by this additional production
step, without the other properties of the fiber being thereby
impaired. While the fiber manufacturers do not provide any
information regarding the type of surface treatment, various
measures for improving adhesion are described in the literature.
Possibilities include partial oxidation and the whiskering of
fibers [63]. Covering the fiber surface with reactive groups
such as carboxyl groups likewise proves to be a useful method [64].
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TABLE 3. PROPERTIES OF CARBON FIBERS AT ROOM TEMPERATURE

S-- Fibe e -CabonSpeci-f Ten- IE Modu- 'Elonga-
DFiber DCarbon fic sur-j sile lus * ion at

Manufac- Starting dia- sity . content fte j stren-j 10' fracture
t- - at'eri Type eter area gth

turer _wterialt. ] [kmm- kp I

U~nion een VYB + 9.5 1.53 90.0 130 o4 4.2 2.0
Regenera-Ir - i

Carbide ted WYB 8.9 1.32 98.8 c4 63 4.2 1.5
Corp. cellulose Thornel 25 + +  7.4 1,40-1.45 99.1 4 126 17.5 0.7
(USA) Thornel 50+ +  6,b 1.63 99,9 1 200 35,0 0.6

Thornel 75+ +  5.8 1.86 99.9 1 263 52.5 0.5

;i'r GmbH Polyac- Sigrafil+ 8.2 1.70 - - 165 17.5 0.9

(Germany) ry29nitrile

Morganite Polyac- - I +  7.0-8.0 1.90 - - 140-210 39.0-46.0 -
Modmor Ltd. rylonitrile 1I+  7-0-8-0 1.70 - - 250-320 25.0-32.0 -

ftngland)

(Coartaulds Polya6. Grafil A 9.2 1.75 - - 175--10 17.-22.5 -

td. •ylonitrile Grafil IHM 8.2 1.95 - - 175-245 35.0-4-.

(Lngland) Grafil HT+  8.9 1.80 - 210-280 22,5-28.0 -

+ Designated "carbon fiber" by manufacturer
++ Designated "graphite fiber" by the manufacturer



TABLE 3 continued

Manufacturer. Starting Type Fiber Den- Carbon Speci- Ten- E-Modu- Elonga-
material ia- ' sity content fic sile lus *- tion at

meter ur- stren- i0 fracture
face gth

.- - . .... area

Iureha Pitch uhm 7.5 1.61 99.5 - 112 7.0 1.8

Chemical. carbon
diusztry Co., fibre

(Japan)

Univezreitat Pitch Experimen- 6.0-25.0 1.77 - - 260 63.0 -
Von Britlich tal pro-

duct
Columbia
tVancouver,
Canada) E62]_

+ Designated "carbon fiber" by manufacturer
++ Designated "graphite figer" by the manufacturer



3.22. Fibers used

Carbon fibers based on cellulose, produced by Union Carbide
Corp., and carbon fibers made from.polyacrylonitriie,' produced by /32
Courtaulds, Ltd., England, were used in this work.' Characteristics
of the carbon yarns employed are summarized in Table 4. The
properties of the individual fibers can be obtained from Table 3
Csee Section 3.21).

All carbon fibers were used as supplied. A special cleaning
treatment for the Thornel fibers doated with polyvinyl alcohol
proved to be unnecessary, since the yarns were permeated well by
the matrix materials.

4. Curing and thermal degradation of matrix materials /34

Specimens free of cracks and pores are an important con-
dition for the clean characterization of matrix material pro-
perties in various stages of curing and pyrolysis. The condi-
tions for preparing satisfactory molded pieces of the thermosets
and polyimides characterized in Section 3.12 were therefore
first determined in preliminary tests.

With the exception of Furesan technical furfuryl alcohol
resin, it was possible to determine a suitable curing schedule
for each of the resins with which defect-free molded pieces with
wall thicknesses between 2wand 6 mm could be prepared. Furesan
was consequently left out of further experiments.

4.1. Thermosets

4.11. Preparatio*in of-mlded specimens

Molded specimens were prepared by casting the resins in
molds and then curing them at elevated temperatures. It was
found desirable to remove the castings of the resins studied from
their molds prior to complete curing and to machine them with
cutting tools while still in the partially cured stage. The
fully cured resins exhibited high brittleness and tended to spall
and break during machining.

The Epikote resin mixture was cured by adding pyromellitic
dianhydride, which, dfd to its highmmelting point of 285 0 C, could
only be used in dissolved form. A 1:1 mixture of ethano1 and
ethyl acetate was used for the solvent. The folloWing composition
proved to be usable: /35

50. g Epikote 828
50 ! Epikote 1031
166 g pyromellitic dianhydride in 120g solvent mixture
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TABLE 4. ROOM TEMPERATURE PROPERTIES OF THE CARBON YARNS USED

TVe of arn VP wr Thornol 25 Thoel SO Graf 1 HN* Graf il HT
Type of yarn 15-1/5 125-1/5 WVD 115-1/2 WG 130-1/2 (Courtaul1ds (Courtaulds

(UCC) (UCC) (UCC) (UCC) Ltd.) Ltd.)

sgraphi stretch, stretch,
tire api, gr ap hi,-. raphic,... coked coked

Degree of treatment coked ted graph. hi. .oked coked
tized tized

Finish - VA PVA - -

Yarn diameter [ml 1.02 1.02 0.46-0.56 0.38 n.a. n.a.

Fiber count 2400 2400 1440 1440 10 000 10 000

Ultimate U[kp] 8.6 4.5 3.6 2.9 n.a. n.a.
-.strength

Elongation [%] 3-2 1-4 0-7 0.53 n.a. n.a.

* Unspun roving



The resin mixture, combined with 'hardener solution, was
cast into molds and initially placed under a water-aspirator
vacuum at 8000 for 1/2 h in a vacuum drybox in order to remove
a large portion of the solvent. It was then initially cured in
air with the following temperature program:

2 days at 800 C
3 days at 9000
4 days at 100 0 C
6 days at 1100C
1 day at 12000
4 days at 140 0 C

Full curing of the resin castings was carried out in four
temperature stages:

Stage I: 3 days at 18000 (in air)
-Stage II: 3 days at 220C00 (in air)
Stage III: 3 days at 250 0 C (in nitrogen)
Stage IV: 2.5 days at 3000C (in nitrogen)

Solid Phenodur PR 373 was cured thermally, only, i.e., with-
out catalysts,.' Since the fusien process and curing reaction
overlap for this resin, it had to be made into castings in the
dissolved state. A 60 wt.% solution of the resin in n-butyl
alcohol, just barely castable at room temperature, proved to be
satisfactory.

The resin solution, cast in molds, first had a portion of
the solvent removed from it in the vacuum drybox at 1000C under
water-aspirator vacuum for 1/2 h and Was then partially cured
in air for 24 hat,.10 0 0C and 90 h at 11000. The resin specimens
were fully cured to 8000C in an ultrapure nitrogen atmosphere /36
at a heating rate of 120 C/h.

Furfuryl alcohol / formaldehyde resin was cured catalytically
with 0.1 wt.% p-toluenesulfonic acid, added in the form of a 10%
solution in methanol. After the cast resin/hanfe-nersystem was
degassed for 1/2 h at 7000 in the vacuum drybox under aspirator
vacuum, the follow±ng initial curing schedule was applied in air:

3 days at 7000
1 day at 8000
2.5 days at 9000

The resin specimens were fully cured to 21000 in an ultrapure
nitrogen atmosphere at a heating rate of 120 C/h.

4.12. Propertiesof the cured castings

Rough bar-shaped specimens were sawed out of the partially
cured resin castings (plates measuring 315 X 185 X 5 mm) for
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TABLE 5. PROPERTIES OF THE THERMOSETS STUDIED, AS FUNCTIONS OF CURING TEMPERATURE (MEA-
SURED AT ROOM TEMPERATURE)

Abprevia- Curing Weight Linear Tensile Modulus
Resin/hardener- system -ted dei :-itempera- loss -shrink- strength of

ignation ture age elasticity

Loc % -I kp/um2J Ckp/au 2J
Epoxy resin mixture of

Epikote types 828 and 1031, 140 0 0 5.3 260
(1:1 by weight) / pyro- 0 220 9.3 4.4 7.3 325
mellitic dianhydride

300 30-2 8.9 5.3 365

Phenodur PR 373 (formerly
Phenodur 373 U) phenolic 110 0 0 2.8 135
resin / self-curing PH 210 8.6 4.9 6-7 340

300 21.9 10.1 10-8 510

Furfuryl alcohol formal- 90 0 0 7.3 365
dehyde resin (3:2 molar
ratio) / p-toluenesulfonic FA 210 3.8 0.8 7.0 390
acid



determining weight loss and shtinkage and for measuring mechanical
properties. The rough specimens were then surface-milled with
hard metal cutting tools to produce smootlh specimen surfaces.
The final dimensions of the specimen bars Were 150 X 10 X 2 mm.

The thermoset properties studied are compiled in Table 5
for various curing temperatures. In determining weight loss,
it appeared desirable not to start with the liquid resins but
from the initially cured resins, since with the exception of
furfuryl alcohol / formaldehyde resin, they had been prepared in
dissolved form. Thus the weight loss of the resins during
initial curing was not taken into consideration.

Due to their volatile reaction products, the partially /38
cured thermosets experience increasing weight loss as curing
progresses, particularly high for the phenolic resin and the
epoxy resin mixture. Sblvent- remaining in the partially
cured resin castings and evaporating during curing contributes
to the high weight loss.

The extremely high weight loss 6f 30% in the case of fully
cured epoxy resin mixture has the following explanation: damage
to the highly cross-linked resin structure is already occurring
during long-term buring at 3000 C, producing an increase in
weight loss.

Longitudinal contraction of the resins during initial curing
is less than 0.1% and can therefore be neglected. Much as in
the case of weight loss, linear shrinkage increases with curing
temperature. The phenolic resin and the epoxy resin mixture
are likewise considerably - above the furfuryl alcohol / formal-
dehyde resin with regard to longitudinal contraction. The epoxy
resin mixture exhibits less shrinkage than the phenolic resin,
in spite of its higher weight loss.

The effect of curing temperature on the tensile strength and
the moduli of elasticity of the thermosets varies considerably.
In the case of phenolic resins, full curing at elevated temperatures
produces a considerable increase in tensile strength. For the
epoxy resin mixture, a rise in strength can likewise initially
be detected, but it is lost again during the last curing step at'
30000. This drop in strength can be interpreted as the first
indication of damage to the highly cross-linked resin structure
as the result of long-term curing. The tensile strength of fur-
furyl alcohol / formaldehyde resin does not change appreciably
during the curing stages studied, in contrast to the thermosets
discussed above.

While no uniform trendiis observed for tensile strength, the
modulus of elastidity increases with curing temperature as the
result of progressive cross-linkage. Approximately the same ten- /39
sile strength and the same modulus of elasticity are obtained for
resin/harde-ner, systems studied after curing at 210 to 22000.
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4.13. Chemical decomposition of castings to vitreous carbon

4.131." Survey of the thermal decomposition of polymbrs to
vitreous carbon

Vitreous carbon represents a new form of elementary carbon,
the development of which began at the end of the 1950s. In
searching for a carbon impervious to gas in 1962, a Japanese
research group [65] and, at about the same time, Davidson [66]
succeeded in preparing castings of vitreous carbon which exhibited
not only extremely low permeability but also a series of other
remarkable properties, such as low density, high strength and
good resistance to oxidation. While Davidson produced his
vitreous carbon from cellulose by thermal decomposition, the
Japanese used another starting material, about which they pro-
vided no detailed ififormation, however.,

The intense interest which has been shown for vitreous
carbon on the part of research and industry since it became known
is manifest in numerous patents and publications. Yamada [67] and
Chekanova and Fialkov [68] provide a comprehensive survey of the
level of knowledge in the field of vitreous carbon at those times.
According to them, the production of vitreous carbon is principally
based on a controlled solid-state pyrolysis of certain organic
polymers. In addition to cellulose, three-dimensionally cross-
linked thermosets such as phenolic and furan resins are given in
the literature as starting materials.

One paper which covers the thermal decomposition of thermo- /41
sets to vitreous carbon in detail is Schafer's dissertation [3 4].
The content of this work is the characterization of the thermoset
pyrolysis mechanism and a study of the effect of the starting
resin and pyrolysis on the ultimate properties of the vitreous
carbon. Of the thermosets studied by Schafer, two have been used
in the present work, namely Phenodur PR"373 phenolic resin (for-
merly Phenodur 373 U) and furfuryl alcohol / formaldehyde resin
(3:2 molar ratio of furfuryl alcohol to formaldehyde). The
above dissertation thus serves as a guide for performing the
thermal decomposition of resins cured as described in Section 4.11
and also for interpretation of the results of the present study.

Castings of vitreous carbon are presently being produced
in limited amounts by several firms. The most important physical
properties of such industrial products are summarized in Table 6.
Although vitreous carbon is produced from various types of raw
materials and by various methods, the carbonized end products
always exhibit properties typical of them. It belongs to the
category of so-called paracrystalline carbons and exhibits
completely isotropic behavior.
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TABLE 6. PHYSICAL PROPERTIES OF INDUSTRIAL VITREOUS CARBONS AT ROOM TEMPERATURE

Glassy Carbon Cellu- Vitros Sig a- UI4SC Glass-
Designation [69] lose Carbon deur Like Carbon

_ _- _ f71'j 1721 o3
GC-10 GC-20 CC 30 C70 1 2000 3000

Treatment temp. oC] 1300 2000 3000 1700 - - 2000 3000

Density ig/cm 3] 1.48-1,51 1 47-1,5Su 144-1,47 lSS 1:47 1.5 1.43-1.50 1.36-1.42

Porosity [] 0.2-0,4 1 - 3 3 - S - <0.05 - - -

Gas permeability 10-11-10-12 1010-10-12 10-O1 10-12 <2,5.1011 10 11 io -o12 10"-10o
[cm2/s]

Tensile strength -4.5 4,.2 - 12 20 11 - 20
Skp/mm2]

YQung-i modulus 10 - 3 3.0- 3.3 2.0 - 3.3 '* -2.S 2.e 2,1-13 2.6 2.8 2,4

Lkp/mm 2]
Bending strength 9 - 10 10 - 12 5 - 6 1 7 - 21 1 13 16 9 "
[ kp/mm 2] 110-120 100-110 70-80 95 - 120 -Shore hardness

Thermal conductivity
[kcal/mh0 C] 3 - 4 7 - 8 13 - 15 3.6 3.6-7.2 3 3.6 4.3

Electrical resistivity
S10 4 [2cm] 45 - 50 40 - 45 35-40 40 30- 80 50 168 18



TABLE 7. WEIGHT LOSS !AND LINEAR SHRINKAGE OF EO, PH, AND FA THERMOSETS DURING PYROLYSIS
TO 12000 C, REFERRED TO FULLY CURED STATE

Epoxy resin mixture of Phenodur PR 373 Furfuryl alcohol / formal-
types 828 andI031 phenolic resin dehyde resin-(3:2 molar ratio)
EpiktPO A

Treat-Treat- Weight Linear Weight Linear Weight Linear
metur loss shrinkage loss shrinkage loss shrinkage

temperature

loci [1 1 [1 [1 1%] [1]

210 0 0
250 4.5 0.9

300 0 0 0 0 7.4 1.6
400 4.6 0,7 9.9 3.0 22.4 6.4

450 8.9 0.8 12.3 3,3 27.3 8.4
515 - - 31.1 11,8 39.5 14.3

630 24.8 5.6 30.0 I 11.0 40.7 15.3
700 - - 33.2 15.4 42.3 18.5
7680 28.4 11.1 33.0 16.1 43.2 20.1
91C - 33.9 18.1 43.4 21.2

I1060 29.5 13.1 33.9 17.9 43.3 21.1
1190 29.5 13.0 35.2 18,s 43.9 22.0



4.132. Pyrolysis procedure

The fully cured thermoset castings were decomposed thermally
in an ultrapure nitrogen atmosphere in a tube furnace (inside
diameter of tube D = 75 mm, heated tube length L = 500 mm).
Heating ratp was cdntrolled with an Elnik program regulator,
type REP 31 e 1 Z (R) by Joens, DUsseldorf, and was 120 C/h.
Pyrolysis was performed until various final temperatures were
reached, maximum treatment temperature being 1200 0 C. After the
particular final temperature had been reached, the specimens were
cooled immediately and the partially or totally pyrolyzed specimen /42
material was removed from the furnace at a temperature of 150 to
200 0 C. Cooling times between 2 and 8 h were obtained for the
various furnace charges, as a function of the heat capacity of
the furnace and the various treatment temperatures. In order to
prevent warpage of the specimens during thermal decomposition,
they were pyrolyzed in specimen holders of graphite (see Fig. 1).

4.133. Properties of
the castings

The weight losses
and the linear shrinkage,
as well as the tensile
strength and moduli of
elasticity of the thermo-
sets were studied in
various stages of de-
composition.

The increase in /43
weight loss and in
linear shrinkage of
the resins relative to
the fully cured state
can be seen from Table

...... Jg 7. Weight loss and
Mlinear shrinkage are

plotted in Fig. 2 as
functions of final
treatment temperature.

Fig . Various specimen In contrast to Table
Figd 1. Varous specimen 7, however, these
holders of graphite values are referred to

the partially cured
state, only.

As the results show, the fully cured resins continually lose
weight during their thermal decomposition to vitreous carbon.
They experience the greatest weight loss in the temperature range
between 300 and 50000. Above 550 0 C, only small quantities of
volatile decomposition products are still produced, so only a

REPRODUCIBILITY OF THE
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wl small weight decrease is recorded
% in the temperature interval

E between 550 and 1200 0 C for all
OD resins.

If we start with resins
S40 already fully cured, the furfuryl

alcohol / formaldehyde resin
exhibits the greatest weight loss

3 •at the end of pyrolysis (1200C00),
with a value of 44%. In contrast,
the epoxy resin mixture and the

3 phenolic resin are considerably
more favorable, with weight

" losses of 30 and 35 wt.%, respec-
* tively. If we take the weight

losses of the resins during their
full curing, approximately equal
residues are obtained for the
completely pyrolyzed thermosets,

O * lying in the 46 - 51 wt.% range.

o The weight loss and linear
S-shrinkage of the resins during

pyrolysis to 120000 cannot be
0 correlated with one another.

The greatest shrinkage occurs in
the temperature range between
300 and 800 0 C, while weight loss
is largely complete at just
550 0 C. Different longitudinal

S"shrinkages are sometimes obtained
5 for the partially cured resins

following their ,o.ing to 12000C.
The smallest longitudinal con-

0 a traction is experienced by the
SM M- 4 - - epoxy resin mixture, at 21%,

Treatment temperature although it exhibits the greatest
weight loss (51%). The furfuryl

loss and alcehol / formaldehyde resin,
Fig. 2. Weight o an with the lowest weight loss (46%)
longitudinal contraction shrinks by 23%, on the other

of EO, PH and FA thermosets hand. The greatest linear shrink-
as functions of treatmentgas functions of treatment age occurs with the phenolic resin.
temperature. It amounts to 27%, with a weight

loss of 49%.

The change in the tensile strength and the moduli of /46
elasticity of the fully cured thermosets as pyrolysis temperature-
rises to 120000 can be seen from Table 8. These properties are
plotted in Fig. 3 as functions of treatment temperature; the
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TABLE 8,. CHANGE IN THE TENSILE STRENGTH AND YOUNG"S _MODULI OF FULLY CURED EO, PH AND
FA THERMOSETS WITH INCREASING PYROLYSIS TEMPERATURE (DETERMINED AT

ROOM TEMPERATURE)-

Epoxy resin mixture of Phenodur PR 373 Furfuryl alcohol / formal-
types 828 and 1031 phenolic resin dehyde resin (3:2 molar ratio)
Epikote

Treatment
temperature Tensile Young ' s Tensile Young ' s Tensile Young ' s

strength modulus strength modulus strength modulus

I_ __ __ __ kpIua 2 k/m £kp/m ] kp/,u 2 ]

210 7.0 390

250 6.1 400

300 , 365 10.8 510 4.6 335

400 49 365 7.S 435 4.1 360

51s:5 - 3.7 575 3.3 645

63'0 4e.4 740 4.1 835 4.4 820

700 - - 6.8 1390 6.,o 1340

780 s# 120 7.8 1680 6.3 1770

910 - 11.3 2530 10.6 2490

1060 2f30 12.2 3040 12.3 2960

1190 1 3190 12.2 2970 10.3 3100

UTJ



results for thermosets in various stages of curing are included

(see Section 4.12).

The strength,.of thermosets
'F already completely cured initially

4 decreases with increasing
pyrolysis temperature. Between

i500 and 65000, the resins pass
through a minimum in strength,

Swith a value of 3 - 4 kp/mm 2

a Above 500 to 650 0 C, a pronounced
9 . strengthening occurs, which

Ureaches its maximum of 10 to 12
kp/mm2 at 1100 to 12000C. An
explanation of the decrease in

6 F strength is that increasing
damage to the highly cross-linked
resin structure commences above

3 the curing temperature as the
result of heat treatment, without
the resultant rupture fragments
being able to reorganize into a

Snew structure at first. The
reorganization of fragments,
which are stabilized with the

"formation of aromatic structures,
3 ' commences only above 500 to 65000

[34], i.e., at temperatures at
I which the major portion of
Cvolatile cleavage products

has already been formed and
2 weight loss has largely been

o completed.

The modulus of elasticity
of fully cured thermosets exhibits

o FW a similar curve to that of
tensile strength with increasinig
treatment temperature. A pro-
nounced minimum in the temperature

00 750 I( O 1 range between 500 and 65000 does
not occur, however. Above this

Tetemperature range, it begins to
Treatment temperature rise sharply and reaches a maximum

Fig. 3. Tensile strength of 3000to 3200 kp/mm 2 at 1100
and moduli of elasticity to 12000C.

of the EO, PH and FAthermosets as functions of As can be seen from these
treatment temperature (deter- studies, no apprediable differ-
mined at room temperature). ences are observed between various

thermosets with regard to their
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strength and moduli of elasticity at given pyrolysis temperatures.
To the extent that a comparison between the vitreous carbon
produced here and the industrial products (see Section 4.1311
is at all permissible, on the basis of the different treatment
temperatures, the tensile strength and modulus of elasticity
values of the products prepared here (a = 10 tol2 kp/mm2 , E = /49
3.0 to 3.2 * 103 kp/mm 2 , T = 1100 to 12000 C) lie in the same
range as the values for industrial products (a = 4 to 20 kp/mm 2 ,
E = 2.1 to 3.3 * 103 kp/mm 2 , T = 1300 to 3000C00).

4.134. Model studies on shrinkage behavior of matrix
materials

Even more detailed information on the shrinkage behavior /50
of these resins during thermal aftertreatment is necessary for
using the thermosets as a matrix for carbon~fiber-reinforced
composites, particularly for their use as matrix raw material
for carbon-fiber-reinforced carbon objects. Such studies were
carried out using Phenodur PR 373 phenolic resin as an example.

In order to determine the effects of specimen geometry,
the studies were made with model specimens of different geo-
metric shape. Fig. 4 shows the various model specimens of
phenolic resin before and after coking. Measuringi:the specimens
accurately (measurement precision + 0,005 mm) after initial
curing at 1100C (see Fig. 4, top) End after thermal decomposition
to 115000 (see Fig. 4 bottom) shows that the thermosets shrink
isotropically, regardless of specimen geometry.

4.135. Plasticity of matrix materials

It was shown in Section 4.134 that in the absence of external
stresses, the phenolic resin studied shrinks quite isotropically.
On the other hand, a pronounced difference between the extents
of shrinkage parallel and perpendicular to the orientation of
fibers is observed upon the thermal aftertreatment of the compo-
sites. This indicates that the direction of shrinkage can be
affected by an internal as well as external stresses; this
requires a certain plasticity on the part of the matrix during
thermal aftertreatment.

In order to determine the extent of plastic deformability,
resin platelets of various degrees of curing and pyrolysis with /51
dimensions of 10 X 10 X 2 mm were decomposed thermally up to
6000C under loads, with a hardened steel ball of diameter
6 mm pressing on the specimen with a force of 1000 p [gram f6rij].
The spherical depressions forced into the platelets after pyro-
lysis to 60000 were measured microscopically. The base diameters
of the spherical impressions and the load per unit area resulting
from the surface of the depression are shown in Table 9 and
Fig. 5 as functions of pretreatment temperature for the various
thermosets.
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W TABLE 9. PLASTIC DEFORMABILITY OF EO, PH AND FA THERMOSETS DURING THERMAL TREATMENTTO 6000C AS FUNCTIONS OF PRETREATMENT TEMPERATURE

Ep6f resin mixture of Phenodur PR. 373 Furfuryl';alcohol / formai-

types 828 and 1031 phenolic resin dehyde re-sin-(3:2 molar ratio)

s'o PH FA

Pretreat- Diam. of Load per- Diam. of Load.per Diam. of Load per
ment ball unit ara ball unit area ball unit area
tem eratur mpression impression impression

Cm_ _ ,[p/-_ , fkp/, 2] [m [kp/m2-

90 - - - - 1.71 0.42

110 - - 3.09 0.12 -

300 2.67 0.,17 2.93 0.14 - -

360 - - 2,67 0.17 1,49 0.56

400 - - 1.87 0.35 - -

450 1.81 0,38 1.71 0.42 0.96 1.33

515 0.75 2.12 0 * 0.52 4,83



As the results show,
the thermosets can ,till be
deformed plastically during
high temperature treatment
to 600 0 C even if the pre-
treatment temperature was
above their complete curing
temperature. To be sure,
the plastic deformabilities
of the resins did decrease
sharply with increasing
pretreatment temperature
in all cases. The phenolic
resin and the epoxy resin
mixture, both of which
possess conspicuously
greater plasticity than the
furfuryl alcohol / formal-
dehyde resin up to 300'C,
approach the latter more
and more here. Above 500

S .. to 550 0 C, the thermosets
already exhibit such great

• ~ embrittlement that plastic
deformation could no longer
be achieved with any of the* resins under the given test
conditions.

The example of furfuryl
alcohol / formaldehyde resin
was, used to study how the
application of mechanical
pressure during pyrolysis

10cm affects the isotropic
shrinkage of this matrix
material. A tablet-shaped

Fig. 4. Model specimens of specimen of the resin,
Phenodur PR 373 phenolic partially cured to 1100C,
resin after initial curing' was studied; it was decom-
at 11000 (top) and after Posed thermally in a closed
thermal decomposition to pressure mold under a .,
1150 0C (bottom) pressure of 30 kp/mm 2 to

60000 (heating rate 150 C/h).

Measurement of the specimen indicated that isotropic shrink-
age of the resin matrix had been reduced to unidimensional
shrinkage by the m~echanical pressure, because of its plasticity.

The pyrolyzed specimen exhibited no shrinkage perpendicular to
the direction of compression, whereas it had shrunk about 55% in /53
the direction of compression. Another consequence of the high
pressure was an increase in volumetric shrinkage from 40 to 55%.
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To date, compact objects of vitreous carbon have been pree
pared by the thermal decomposition of three-dimensionally cross-
linked polymers, particularly thermosets based on phenol. It
is characteristic of such polymers that they are neither soluble
or fusible and that they decompose thermally in the solid phase.
As was shown in Section 4.135, the partially decomposed thermosets
do exhibit a limited plasticity on into the 50000 range, but
this plasticity is not sufficient to alleviate the shrinkage
stresses which occur during the thermal decomposition of fiber-
reinforced'thermosets (see Section 7.2).

While the infusibility of thermosets is caused by three-
dimensional cross-linkage via principal valence bonds, other
polymers exist whose infusibility is caused merely by interactions
between highly polar groups on neighboring chains. Increased
plasticity should be expected of these polymers upon thermal
decomposition. It must be taken into consideration here, however,
that three-dimensPonal cross-linkage via principal valence bonds

38
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likewise occurs during thermal decomposition, reducing plas-
ticity.

The amount of linear shrinkage following the onset of
cross-linkage will be decisive for the usability of such polymers
as matrix raw material for carbon-fiber-reinforced carbon com-
posites. Preliminary studies with the various polymers have
shown that this shrinkage is considerably less in the case of
the primarily linear-structured polyimides than for the thermosets,
so the polyimides appear to be at least potentially suitable as
matrix raw material [74].

4.21. Preparation of molded specimens /55

Molded specimens of the polyimide resins described in
Section 3.12 were produced by casting, pressing or a combination
of the two techniques and by high-temperature curing. The two
polyimide resins P 13 N and Kerimid 601 were cast in the form
of solutions (40 wt.% P 13 N in dimethylformamide,50 wt.% Kerimid
601 in N-methyl-2-pyrrolidone); QX-13 poyimide was pressed
without solvent. The curing conditions which proved to be usable

for preparing nonporous resin specimens can be seen from Table
10.

Processing QX-13 polyimide resin to produce dense solids
involves serious problems due to the Trarge quantities of volatile
components liberated during curing. Tablet-shaped specimens
with a diameter of 20 mm could be cured with absolutely no
porosity only up to a thickness of about 2 mm.

For unknown reasons, ICI has since ceased to produce QX-13.
The same resin is now manufactured under the name "polyimide 212"
by Yorkshire Chemicals Ltd., England, however 1751.

4.22. Thermal aftertreatment

4.221. Thermogravimetric study

A thermogravimetric study of the poly-imide jresins, which
provides an indication of their pyrolysis behavior, was performed
with a Thermoanalyzer No. 113 thermobalance by Mettler, Zurich.
The resin specimens were decomposed thermally in argon at two
different heating rates (0.5 and 250 C/min) to 1000 and 12000 C,
respectively. The weight losses of polyimides cured as described
in Section 4.21 are shown in Table lland Fig. 6 as a function /7 '

of treatment temperature.

The three polyimide resins studied exhibit appreciable
differences with regard to their thermal stability and coke
yield. Kerimid 601 cured to 1600C, like the thermosets (see
Fig. 2, Section 4.133), already begins to decompose spontaneously
above 200 to 25000 and experiences a weight loss of 68% up to
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- TABLE 10. CURING CONDITIONS FOR P 13 N,KERIMID 601 AND QX-13 POLIMIDE RESINS

Resin type P 13 N Kerimid 601 QX-13
(40 wt.% solution in DMF) 50 wt.% solution in NMP) (no solvent)

1. Removal of solvent 1. Removal of solvent 1. Degassing and
and initial curing of and initial curing of initial curing
resin without pressure resin without pressure of resin without
in drybox: in drybox: pressure in

drybox:
15 h at 800 C 75 min at 120 0 C
20 h at 140 0C 40 min at 130 0 C 7 h at 200 0 C

1 40C: 20 min at 140 0 C 15 min at 300 0 C
(Heating rate to 1401C:Curing 10OC/h) 15 min at 1500C

conditions 10C/h)
2. Pressure curing of par- 2. Further curing of 2. Pressure curing of
tially cured resin in a resin without pressure partially cured
heatable pressure mold: in drybox: resin in a heatable

pressure mold:
1 h at 300 0 C, 15 h at 160 0 C 30..mh at 30 0 C,prssre 3 pm 2  30 minl at 3900C,
pressure: 3 kp/mm pressure: 6 kp/mm 2

3. Aftercuring of pressure- 3. Aftercuring of
cured resin without pressure pressure-cured resin
in drybox: without pressure

5 h at 300 0 C in drybox:

5 h at 300 0 C



TABLE 11. WEIGHT LOSSES OF P 13 N, KERIMID 601 AND QX-13 POLYIMIDE
RESINS DURING THERMAL DECOMPOSITION

Teinraur a Weight loss ]

C] P 13 N P 13 N
Curing temperature 146PC Curing temperature 3009C

ieating rate oc/min] Heating rate Cc/min]
0.5 25 0-5 25

200 0 0

250 0o.s 0.7

300 3.0 2.7 0 0

350 4.5 5.2 0.5 1,0

400 7.0 7.0 4.0 - 3.5

450 11.0 10.2 6.5 6.0

500 1618 16.7 12.0 11.0

550 28.5 28.0 21.7 19.3

600 39.8 39.7 32.,5 30.0

650 44.2 43.5 38.5 36.2

700 46,0 45.5 41.0 38.7

750 47.0 46.5 42.2 40.2

800 47.7 47.0 42,7 41.0

900 49.3 47.5 44.,5 41.,S

1000 53.0(53.8) 48.0 48,S (49.5) 42.2

1100 48.5 43.0

1200 49.2(50 2) 43.1(A

* Weight loss after one-hour holding time
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TABLE 11 continued

Temperature Weight loss .

LJ KERIMID 601 O.X - 13
Curing temperattre 1600C ring temperature 3000 C

Heating rate oc/mini) Heating rate [cC/min]

0.5 25 0,5 25

50 0

100 2.1 0

150 5.3 1.5

200 9.2 3.3

250 13,0 7.5S

300 17.7 10.2 : 0

350 26.3 25.0 1.2

400 40.0 38..S 0 3.2

450 45.0 51.0 4.3 6.3

500 50.7 55.7 8.5 11.0

550 53.8 60.5 165 18.5

600 55.3 63.5 29.0 29.0

650 56.0 64-S 35.0 34.3

700 .7,0 65.3 38.0 36.5

750 57.2 65.8 39.0 37.5

800 57.5 66.0 39.5 38.3

900 58.2 66.,5 40.5 39.5

100oo0 59.7(60,3) 67.0 43.0(44.0) 40.0

1100 67.5 40.5

1200 68.2(69,0) 40.7(42.0)

* Weight loss after one-hour holding time
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120000 (heating rate 250 C/min). Under the same experimental
conditions, P 13 Ncured only to 140 0 C exhibits a similarly
spontaneous decomposition, but only above 400 0C and of less
magnitude. Weight loss reaches a value of 49% at 1200oC.
P 13 N and QX-13 polyimides cured to 30000 exhibit the highest
thermal stability. A pronounced weight loss occurs only above
45000. Up to the completion of pyrolysis (12000C), P 13 N
loses 43% of its initial weight; the QX-13 weight loss is 41%.

70
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Fig, 6. Thermograms for P 13 N,Kerimid 601 and
QX-13 polyimide resins.

Reducing the heating rate from 25 to 0.50 C/min causes an
increased weight loss for P 13 N and QX-13 during the advanced
pyrolysis stage. At 1000C00, slow coking produces 3 to 6% greater
weight losses than rapid pyrolysis. In the case of Kerimid 601,
however, a 7% lower weight loss is obtained.
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If we compare the pyrolysis behavior of the polyimides
(heating rate 0.5 0 C/min~ with that of the thermosets (heating
rate 0.20 C/min), we find that the polyimides, with the exception
of Kerimid 601, are not only of higher thermal stability but
also,-produce the highest coke residue. The maximum is 57% and
is obtained with QX-13 polyimide.

4.222. Thermal decomposition of molded polyimide specimens /60

The studies on the thermal decomposition of molded polyimide
specimens cured as described in Section 4.21 are limited to an
investigation of the question as to whether these resins can be
decomposed to yield crack-free pieces of carbon and as to the
weight losses and longitudinal contraction which they experience
in the process. The molded specimens were pyrolyzed under the /61
same conditions as the thermoset matrices (heating rate 12'C/h,
ultrapure nitrogen).

Pyrolysis trials with the molded polyimide specimens indi-
cated that P 13 N and QX-13 polyimide resins can be decomposed
thermally to produce defect-free pieces of carbon. In the case
of Kerimid 601 polyimide, on the other hand, the carbon product
was no longer true to form and exhibited cracks and bubbles.

The weight losses and longitudinal contraction experienced
by the thermally decomposed specimens are compiled in Table 12.
Of the three polyimide resins, Kerimid 601 pyrolyzed to 10000 C
shows the poorest decomposition behavior, with a weight loss of
63% and a longitudinal contraction of about 27%. The two poly-
imides P 13 N and QX-13 a:e largely equivalent in their behavior
during thermal decomposition. At the end of pyrolysis, in the
temperature range of 1000 to 11000C, the weight losses of these
resins lie between 43 and 49%, longitudinal contraction between
18 and 19%. QX-13 experiences the smallest weight loss (43%)
and the smallest longitudinal contraction (18%).

TABLE 12. WEIGHT LOSSES AND LONGITUDINAL CONTRACTION OF POLYIMIDE

SPECIMENS DURING THERMAL DECOMPOSITION

Type of resin P 13 N Kerimid 60,1 QX-13

Decomposition I I
LemecJu 1000 1000 550 1100.

temperature [oI 1o 0 550 1 •

Weight loss [i 49.1 63.1 242 4216

Longitudinal 18,.7 ca.27 9.4 17,5
contraction -

* Pyrolyzed to 1150C00
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Comparison of the weight losses of molded specimens (heating
rate 0.2'C/min) with the results of the thermogravimetric
study (see Fig, 6, Section 4.221, heating rate 0.5 0 C/min) shows
that although very different specimen sizes were used, the two
experimental methods yielded data that agree well.

5. Wetting behavior of matrix materials with respect to carbon /62

fibers

5.1. Basic principles

Wetting of the reinforcing material by the liquid matrix
is very important in the production of fiber-reinforced compo-
sites. A solid matrix that represents an effective bond between
reinforcing elements can be expected only from a polymer which
wets the fiber. Complete contact between the two components,
i.e., liquid resin and carbon fiber, thus permits the formation
of an effective interface which transmits forces from the matrix
to the fiber, thereby giving strength to the composite system.

The wetting of a fiber by a liquid is given by the angle
of contact 6 which forms on the fiber when it is dipped into the
liquid medium (see Fig. 7). Complete wetting of the solid sur-
face occurs if the angle of contact becomes 00. If the angle
is 1800, the liquid is not wetting the solid. The magnitude of
the angle of contact is determined by basic interfacial-energy /63
parameters of the media in contact *ith one another. The
relationship between angle of contact 6, solid surface tension 13 )
(solid-gas), liquid surface tension 023 (liquid-gas) and inter-
facial tension 012 (solid-liquid) is given by Young's equation:

q - = C cos . (5-1)
13 2 23

Fiber

Liquid

Fig. Liqu.I.d mtisees on a fiber '(schematic)
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Angles of contact on fibers are generally determined by
indirect methods, since direct measurement with an optical
goniometer or by photographic methods is not feasible for small
fiber diameters and angles 7df contact due to the very poor
accuracy. A usable procedure described in the literature is
the weight method [76, 77, 78], which is based on dipping the
fiber, suspended on a highly sensitive balance system, perpen-
dicularly into the test liquid and determining the quantity of
liquid raised above the surface plane of the liquid by capillary
action by weighing. From the equilibrium of forces on the fiber
and from Young's equation, we obtain the relationship we seek
for the angle of contact which develops [1]:

(5-2)
cose = AG.g/(UF* )

where

AG = mass of liquid raised by capillary action [g]
g = earth's gravitational acceleration [dyn/g]
UF = circumference of fiber [cm]

023 = liquid surface tension [dyn/cm]

It is possible to calculate the angle of contact from
Eq. (5-2) if one knows the circumference 6f the fiber and the
surface tension of the liquid.

5.2. Measurement of wetting angles /64

5.21. Indirect determination

The weight method described above was initially used to
determine the wetting behavior of the polymers used in this work
with respect to carbon fibers. The quantities of liquid drawn
up by capillary action when the carbon fibers are dipped into
the resins (see Table 13) were measured gravimetrically with a
self-regulating electronic microbalance by Sartorius, G6ttingen,
at room temperature (230 C). The range of measurement was on
the order of 0.2 mg.

The resin surface tensions required for calculating angle
of contact (see Table 13) were determined at 23 0 C with a Lauda-
Tensiometer, produced by the firm of Dr. R. Wobser KG., Lauda. 2

The principle by which measurements are made with this instrument

iThe measurements were performed at the Institute of Plastics
Processing of the Rhine/Westphalian Engineering College, Aachen.
I would like to thank Prof. Dr. -Ing. G. Menges and his coworkers
for their generous support.
2The measurements were performed at the Institute of Foodstuffs
Probessing TechnologyV.of Karlsruhe Engineering University. I-would
like to thank Prof. Dr. Dr. M. Loncin and his coworkersfor- their
~nerous support.
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TABLE 13. ANGLES OF CONTACT AND ADJUSTMENT TIMES FOR THERMOSETS WITH CARBON FIBERS AT
230 C, BY THE WEIGHT METHOD

Rsin-hardene Abbre Surface Type of Fibe cir- t .iquid Angle Adjt-

system via- tension fiber cumference iraised' b - cap. of con- ment time
Sysem ...... v ia- tension fiber cmfr~e i' ] ~

tion iven by ac. acio tact
tion Ld. t on__[___ mfr-.) [cm,] roe . __.....

Epoxy resin mix- VY o.o00298 0.09011 0.,00165 33.8 5,3
ture of Epikote Thornel 5 0.00232 0.07424 1 0,00213 28. 5,2
828 and 1031 (1:1 *

by wt.) /pyre--* 30 35.7 Thornel 40 0,00217 0.06397 t 0.00154 35.9 5,0

mellitic dian-:- Grafil1 HK 0.00257 0.06488 0,00056 46.1 4,9

hVdride Gratil HT 0.00279 0.07524 1 0.00133 42.2 5,4

Phenodur PR 373 vYB 0.00298 0,09568 1 0.00083 39,5 5.3

phenolic resin / Thornel 25 0.00232 0.07832 k 0.00224 35.7 7.4

self-hardening = P 40.8 Thornel 40 0.00217 0.06112 t 0.00039 47.3 5.1

Grafil HK 0.00257 0.06230 t 0.00249 54.3 5.3

Graftil I 0.00279 0.07981 1 0.00252 46.5 5.9

fury alohoL VY 0.00298 0.13368 1 0.00536 44.7 19.8
Furfuryl alcohol--

foThornel 25 0.00232 0.11080 t 0.00172 40.8 37.1f oraldehyde -
.'esin (3:2 molar FA 61.9 Thornel 40 0.00217 0.09472 0,00185 46,2 15.7

ratio) / p-tol- Grafil HN 0.00257 0.08864 a 0.00303 56,9 11.2

,r enesulfonid acid Graftil HT 0.00279 0.09632 2 0.00217 56.7 14.6



is based on the ring breakaway method, in which a horizontal
ring of platinum is dipped into the liquid to be measured and
pulled out again. As the ring is being pulled out, a lamina
of liquid develops along its circumference which exerts a
tensile force on it. After the maximum tensile force that
occurshas been exceeded, proportional to the surface tension
of the liquid, the lamelle breaks away from the ring. This
process is amplified via an inductive force pickup connected to
the ring and is plotted on a recorder. A reference measurement
is made with a liquid of precisely known surface tension in
order to calculate the recording instrument. Double-distilled
... was ... as a calibrating liquid ... [page missing from
German document] /66
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5.22. Direct determination /67

In view of the inaccuracy which the weight method can
involve because of the various measurement parameters, angles
of contact on carbon fibers were also measured directly. Since
the resolution of optical goniometers is generally not sufficient
to exactly determine angles of contact on fibers of less than
10 Pm diameter, a scanning electron microscope was used for
this purpose, rather than conventional equipment. In order that
the contact angle measurements would not be impaired by boiling
of the liquid phase in the SEM vacuum chamber, the state of wetting
was fixed beforehand by curing the resins.

Fig. 8 shows scanning electron micrographs of a type VYB
carbon fiber produced from rayon which has been wetted by Phenodur
PR 373 phenolic resin. Fig. 8, left, shows the overall profile
of the resin miniscus close to the fiber, and Fig. 8, right,
shows a detail of the tip of the profile, at which the resin /68
surface merges with that of the fiber. The angle between the
tangent at the tip and the vertical margin of the fiber
corresponds to the wetting angle being sought.

Fig. 8. Wetting of a carbon fiber (type VYB) by Phenodur
373 phenolic resin after curing at 110 0C.
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Angles of contact determined in this manner for Phenodur
PR 373 phenolic resin and Kerimid 601 polyimide resin with
various carbon fibers are compiled in Table. 14. The 60 wt.%
phenolic resin solution was fully cured to a temperature of
110 0 C, under the initial curing conditions in Section 4.11,
but without previously removing the solvent from the resin
under vacuum. The 50 wt.% polyimide resin solution was initially
cured to 150 0 C under the curing conditions in Section 4.21. It
can be seen from the data that it is not possible to categorize
the carbon fibers on the basis of their wetting, independently
of the [type of] resin, as in the case of the angles of contact
determined indirectly (see Section 5.21).

5.23. Comparison of the two measurement methods

As the results of indirect contact angle 'measurements show,
the carbon fibers produced from cellulose fibers, jwith very
rough surfaces as compared to the relatively smooth-surface
carbon fibers made from polyacrylonitrile are wetted better by
the various thermosets. The different wettabilities of these
two types of fibers agrees with the known fact that the wetting /69
of a s61id by a liquid is not just a function of interfacial
energy parameters such as surface and interfacial tensions, but
is also affected by surface roughness.

TABLE 14. ANGLE OF CONTACT BETWEEN PHENODUR PR 373 PHENOLIC
RESIN AND KERIMID 601 POLYIMIDE RESIN AND VARIOUS CARBON FIBERS

AS DETERMINED BY THE DIRECT METHOD

Type of fiber Angle of contact [degrees]

Phenodur PR 373 KERIMID 601

VYB 14.0 ± 1.3 6.9 ± 0.2

Thornel 25 12.5 1 1.4 16,3 ± 1.8

Thornel 50 2075 ± 1.7 6,.9 ± 1.3

Information regarding the angle of contact as a function
of the surface roughness of a solid is provided by Wenzel's
formula 179]:

.dd6s8' = r cos forr 1, (5-3)
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where:

0' = angle of contact at a rough solid surface

o = angle of contact at a smooth solid surface

r = surface roughness factor

According to Eq."J(5-3), a smaller angle of contact forms
on a rough surface than on a smooth surface if angle of
contact 0 is less than 900. Since this condition applies for
the resin/fiber systems studied, the better wettability of
carbon fibers with the rougher surface proves to be correct.

If we compare the results of the two measurement methods
for comparable wetting systems, we find that the direct method
yields much lower angles of contact than the weight method.
The better wetting behavior of ph'enolic resin relative to
carbon fibers as indicated by the direct method is based on the
fact that the wetting medium was initially cured thermally.
Since we know that the surface tension of a liquid is a function
of temperature -- elevated temperature reduces surface tension -
the smaller wetting angles from the direct method are quite
justified in accordance with Eq. (5-2).

Iline(s) missing from German document]
... the two measurement methods, the results of the weight /70
method .cannot be evaluated by direct contact angle measurement
with regard to its accuracy for given resin/fiber systems.
Qualitatively, the results of the two measurement methods agree
in indicating that the wetting behavior of phenolic resin
relative to carbon fibers made from cellulose becomes poorer in
the following sequence of fiber types: Thornel 25, VYB, Thornel
401 and Thornel 50.

The order of the types of stretch-graphitized Thornel fiber
is that expected on the basis of information on crystalline
alignment and the associated reduction in specific surface area
(see Table 3, Section 3.21). The predictions of Eq. (5-3) are
contradicted by the experimental finding that it yi6lds a
smaller angle of contact for stretch-graphitized fibers of the
Thornel 25 type, with a low specific surface area of 4 m 2/g,
than for the ungraphitized carbon fibers of the VYB type, with
their large specific surface area of 130 m 2/g. This unexpected

I
At the time pt'which contact angle measurements were being

made by the weight method, Thornel 50 fibers were not yet commer-
cially available. The Thornel 40 fibers were made available by
the Institute of Plastics Processing of the Rhine/Westphalia
Engineering College, Aachen.
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behavior can probably be attributed to the sodium polyphosphate

detected in the VYB fiber (see Section 7.221),

6. P~roduction.:and properties of carbon-fiber-reinforced polymers /71

6.1. Literature

Thermosets are primarily used today as matrix materials for
carbon-fiber-reinforced polymers, since these plastics have higher
sustained-use temperatures than the thermoplastics. Semiconductor
polymers such as the polyimides are commanding increasing interest
because of their high sustained-temperature resistance (250 to
300 0 C).

Basically, the same methods can be considered for the produc-
tion of carbon-fiber-reinforced polymers as are used for the
production of fiberglass-reinforced plastics. The conventional
fabrication methods are pressure molding, wet winding, and the
lamination method.

In pressure molding L80], the polymer matrix with discon-
tinuous reinforcing material is fully cured under pressure to
form molded objects. The advantages of this method are low
production costs, on the one hand, and on the other, the fact
that complicated shapes can easily be produced. Its disadvantage
is the random arrangement of the reinforcing component in the
matrix, as a result of which only a portion of the imbedded
fibers contribute to reinforcement and stiffening in a given
direction of load application.

In the wet winding method [81], continuous reinforcing: .
material is led through a resin bath and is wound on a winding
core, after which the wound product is then cured. The advantage
of this method is the possibility of precisely orienting the
reinforcing component, so that all fibers come into play if a
load is applied in the direction of this orientation.

Complicated shapes cannot be produced directly by this
method, however. In such cases, use is made of the laminating
technique, employing prepregs prefabricated by the wet winding /72
method. In the production of these prepregs, the matrix is
initially cured just to the point at which it no longer adheres
at room temperature. The prepregs are then tailored as a
function of the required shape, glued together and fully cured
under pressure to produce high-strength molded products [82].

Table 15 give literature data on the mechanical properties
of carbon-fiber-reinforced polymers with unidirectionally oriented
fibers. The strength behavior of such materials is determined
by the mechanical properties of the components incorporated
into their structure, as well as the fiber fraction by volume,
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TABLE 15. MECHANICAL PROPERTIES OF CARBON-FIBER-REINFORCED POLYMERS WITH UNIDIRECTIONALLY
ORIENTED FIBERS (DETERMINED IN FIBER DIRECTION AT ROOM TEMPERATURE)

Matrix material / Type of Fiber Tensile Young's Bending Bending Interlaminar
fiber frac- strength modulus strength modulus bending shear

tion strength
Polyester resin / HM strenhkp/m

_rganite Modmor Ltd.) I831' ,
o . 50 91 19600 84 14000 -

ERLA 2256 eppxy resin /
,Thornel 25 (Union Carbide, 72 67 6300 48 10700 1.6
Corp.) [84] -._.

2,5
ERLA 2256 epoxy resin / - - 1
Thornel 25 (Union Carbide
Corp.) [63] . .
Epoxy resin / Thornel 25 .. 8.3

(Union Carbide Corp.) [63] i." 75 16800 81 16200 2.5 '
Epoxy resin / Thornel 50 1600 8 16200 25
(Union Carbide Corp.) [85] 1 __"

Epoxy resin / Thorhei 50 75 16S
55- 73 18000 75 169005(Union -Carbide Corp.) [86]

ERIA 2256 -eoxy resin /
Thornel 75 (Union Carbide 98 33500 66 27800
Corp.) [87]

Epoxy resin / HT (Morganite ., 123 14500 100-140 14100 4.4

Modmor Ltd.) [88]

Surface treated fibers:

+ partia-l1y-xidized (nitric -acid)
++ whiskered (siicon carbideo whiskers)

L.A) +-++



TABLE 15 continued

Matrix material / Type of Fiber Tensile Young's Bending Bending Interlaminar
fiber frac- strengt modulus strength modulus bending shear

_tion strength
vo. [Ep/=m2 rkp/fi L p 2  -

EPN 1138 epoxy resin (Ciba) / -
HT (Morganite Modmor Ltd.) [89] * 125 13100 3.6

EPN 1138 epoxy resin (Ciba) / 176.8
HT +++ (Morganite Modmor Ltd.) 167 13600 8.9
[89] _

Epikote 828 epoxy resin / HT
(Courtaulds Ltd.) [90] 40 98 ,1500 65 8400 .

SC-1008 phenolic resin (Monsanto"
Chnemical Co.) / VYB (Union Car- 62 46 2450 74 250
bide Corp.) [15]

QX-13 polyimide resin (ICI Ltd. ) ---

/ HM++ + (Morganite Modmor Ltd.) 2"-
[91]
QX-13 polyimide resin (ICI Ltd.)), .
HT++ (Courtaulds Ltd) [92] " 112
P 13 N polyimide resin (Ciba- I
Geigy) /C Fiber based on PAN [9331 S7 1 ISO

Surface treated fibers:
+++ unknown



the state of fiber/matrix bonding, and the absence of cracks
and pores in the composite structure. A suitable surface
treatment of the carbon fibers, such as partial oxidation,
whiskering or the application of an adhesive, can be used to
considerably improve the stateoof fiber/matrix bonding and
thus improve bending strength and interlaminar shear strength.

6.2. Authors studies on the carbon-fiber reinforcement of /75
thermosets

6.21. Selection of composite systems studied

Of the large number of possible composite systems which
result from combining the various thermosets and carbon fibers,
four systems (see Table 16) were selected on the basis of special
considerations, and their mechanical properties in particular
were studied.

TABLE 16. COMBINATIONS OF MATERIALS IN THE COMPOSITE SYSTEMS
STUDIED

Abbreviated*! Matrix Reinforcing
designation component

I (PH-VYB) Phenodur PR 373 C Fiber VYB (105 - 1/5)
phenolic resin

II (EO-VYB) Epoxy resin mixture C Fiber VYB (105 - 1/5)
of Epikote types
828 and 1031

III (PH-Thornel 25) Phenodur PR 373 C Fiber: Thornel 25
phenolic resin (WYD 115 - 1/2)

IV (PH-Thornel 50) Phenodur PR 373 C Fiber: Thornel 50
phenolic resin (WYG 130 = 1/2)

*These abbreviated designations are used throughout the following
text.

Among the three thermosets studied, Phenodur PR 373 phenolic
resin was primarily used in addition to the epoxy resin mixture
of Epikote 828 and 1031 as matrix material for carbon fibers. The
main reasons for this are the relatively short curing times for
this resin, its good machineability and its excellent strength
in the fully cured state.

The thermoset matrices were reinforced and stiffened /76
exclusively with carbon fibers based on rayon, since only these
types were available in the form of endless fibers. at the
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beginning of this work, As could be seen from the studies on
wetting behavior (see Section 5.2), carbon fibers based on PAN
are more poorly wetted by th6se resins.

6.22. Preparation and curing of composites

Continuously reinforced specimens with unidirectional
orientation of the carbon fibers were prepared by the wet winding
method (see Section 6.1) for evaluation of the selected com-
posite systems.

Fig. 9 shows a schematic diagram of the design and operation
of the wet winding apparatus, set up in.a horizontal mode, and
Fig. 10 shows an overall view of this equipment. The reinforcing
component, wouhd on a spool, is unwound via a self-braking
filament delivery 'device, by a driven transport roller of con-
tinuously adjustable speed and is passed through a thermostated
impregnation setup, where it is impregnated with liquid matrix
(see Fig. 11). A pierced plate which immediately follows the
impregnating bath and through which the matrix-covered reinforcing
component passes serves as a wiper for excess matrix material.
The impregnated string of fiber is led via a system of guide
rollers to a traversing mechanism which lays it on a rotating
panel-shaped winding core, oriented unidirectionally under con-
stant tension (see Fig. 12).

transport

Lrvrsing.. -

unwinding 

-esn

bath

Fig. 9. Diagram of the wet winding apparatus

A tension roller which can be loaded with weights and /77which can move freely between two guide rollers on the traversing
arm maintains constant fiber tension and thus can also compen-
sate for different unwinding and winding speeds. A TW 30 auto-
matic wire reel winding machine by Thonke, Aldingen, was used

as the winding unit; it wasImodified only as needed to reduce
winding shaft rpm.
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To produce specimen
bars of composite systems I
through IV (see Section 6.21,
Table 16), the carbon yarns

2 impregnated with resin solu-
tions were first wound in
several layers, with a
filament tension of 250 p,
on the demountable panel-
shaped winding core of
aluminum, with nominal dimen-
sions of 400 X 175 mm. The
winding parameters for com-
posite types I through IV
can be seen from Table 17.
The Thornel fibers were
wound with a slower fiber
speed, since there was a
danger of fiber breakage
because of the low filament

Fig. 10. Overall view of wetbeasoftelwiamnFig. i0. Overall view of wet strength (see Table 4, Section
winding apparatus 3.22) and high shearing

sensitivity of these fibers.

Even while the laminates
were being wound, much of
the solvent was being removed
from the resin matrix by
infrared radiation. The
temperature of the laminate
was 60 - 800C here. After
the winding process, the
laminates were initially /80
cured on the winding core in
the drybox (curing step I)
and then pressed between two
hot plates (see Fig. 13)
(curing step II).

Hot-pressing the wound
products proved to be absolu-
tely necessary to achieve
smooth composite surfaces and

Fig. 11. Partial view of low porosity. In addition, a
wet winding apparatus: un- desired fiber or resin content
winding and impregnating in the laminates could be ad-
mechanisms justed to simply by using

suitable pressures.

After pressure curing, the initially cured laminate shell
was taken off the winding core by hand, after the wedge-shaped
center piece of the winding core had been pushed out about half-
way, following removal of the side portions. An inserted

REPRODUCIBILITY OF THE
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Teflon sheet prevented the resin matrices from adhering fast
to metal surfaces of the winding core and the heating plates.

The laminates cured under pressure (see Fig. 14) were then /81
sawed up into small, flat, parallel-sided bars with a precision
wet-saw in such a manner that the carbon yarns lay parallel to
the longitudinal axis of the bars. The length of the bars was
170 to 175 mm, the width was 6 mm (composites I and II) and
5 mm (composites III and IV). Bar thickness was 0.80 to 1.55 mm.
A winding produced about 100 such specimen barlets.

The further initial
... curing and full curing of

the sawed specimens was
done in curing stage III.
Curing conditions for the
three-step composite curing
program are compiled in
Table 18. Due to the
thinness of the specimens,
the curing times for the
carbon-fiber-reinforced
resin moldings (see Section
4.11) were shortened in

-some cases.

The fiber fraction by
volume necessary for pre-
dicting composite strength
was determined by means of
the fiber weight employed
and the dimensions of the
wound product. The following
relationships were used here:

Fig. 12. Partial view of
wet winding apparatus: winding
machinery with winding core
and infrared radiator G (6-1) /83

x' aw kg + n, ) oo [,] (6-1) /8_!

and
V v "°[%] ,xF  -

oV F (6-2)

where:

XF = fiber fraction by volume in initially cured composite [%]
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TABLE 17. WINDING PARAMETERS FOR COMPOSITE TYPES I - .IV

I II ZUI IvTpe of comp osite (Pa-vD) (BO-VTS) (PB-Thor- (PH-Thor-
nol 25) nel 50)

Fiber advance -per
turn of winding core 1.00 1o00 0.60 0.65

Winding core speed, 17 1 12 12

Fiber speed 3 7,3 52 5.2
a/ n 7.3 7,3 5. 2 5.2

Fiber dwell time in
bath .ec 8 1.8 2.6 2..6

[Sec] _ _ _ _ _ _ _ _ _ _ _ _

Number of winding
layers 4 5

Length of winding
process .6 .6 4.6 4.3

GF = quantity of fiber in a wound piece [g]

PF = fiber density [g/cm 3 ]

sW = thickness of initially cured spool [cm]

1W = length of initially cured spool or winding core (40.00 cm)

uK = circumference of winding core (43.35 cm)
xF = Fiber fraction by volume in composite, the treatment

temperature for which is above the initial curing temperature
of the matrix [%]

V0 = volume of initially cured composite [cm 3 ]

V = volume of composite, the treatment temperature of which is
above the initial curing temperature of the matrix [cm 3 ]

6,23. Properties of.lthe cured composites

The strength behavior, weight loss and shrinkage of the
carbon-fiber-reinforced thermoset matrices were studied as functions
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of curing temperature. The
mechanical properties of composites
I - IV are shown in Table 19. The
tensile strength and moduli of
elasticity calculated by alligation
(Eqs. (2-3) and (2-5); see Section
2,2) are included for comparison.
It was assumed in the calculation

* of bending strengths that the com-
posites experience purely elastic
deformation to the point of frac-
ture and that bending fracture is
initiated by a tensile failure.
The calculated tensile and bending
strengths are therefore identical.

The predicted values apply to
optimum conditions. It was assumed /85
here, both for the reinforcing
component and for the matrix com-
ponent, that their properties are
fully exploited in a composite. In
the case of the reinforcing com-
ponent, the characteristic data
for the filaments, rather than the
yarns, were used for calculating

[Fig. 13] composite properties. The a* values
[Fig. 13] and daM /dcM values for the matrix

materials were replaced by their
tensile strength and modulus of
elasticity values (see Section 4.12)
in-the equations.

The measured tensile strengths
and moduli of elasticity of the
four types of composites reach
maxima in the temperature range
between 200 and 22000. The initial
improvement in these two mechanical
properties during the curing process
can be attributed to hardening, but
also to embrittlement of the thermo-
set matrices with increasing curing
temperature and increasing cross-

IN linkage. Full curing of the compo-
sites at 3000C causes a reduction in
their tensile strengths and their

Fig. 14. Winding core and moduli of elasticity. The reason
pressure-cured windings for this is damage to the composite

structure, caused by matrix shrinkage
(see Section 6.24).
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TABLE 18. CURING CONDITIONS FOR COMPOSITE TYPES I - IV

Type of composite Curing Curing step II Curing step III
step I

I (PHYYB) 18 h at 70'(- 2 h ht 10?C, pess'ue: 0 .003 _ 45 h at llooC
kp/-cffi

27 h at 100 0 C, pressure: 5'- '110 - 130 0 C Heating-rate:
kp/cm 120 C/h in N2 atmosphere

II (EOVYB) 15 h at 70?C 3 h at 100 0 C, pressure: 0.03 72 h at 180C
kp/cm 2  72 h at 220 0 C in air

;20 h at 100'C
70 h at 130 0 C pressure: 5 75 h at 250 0 C in N
70 h at 140 0 C kp/cm2  60 h at 300 0 C 2

atmosphere

III (CPH-Thornel 15 h at 700 C 2 h at 100 0 C, pressure: 0.03 45 h at 110 0 C
25) kp/cm 2

27 h at 100 0 C, pressure-1 5 110 - 300 0 C Heating rate:
kp/cm 120 C/h in N2 atmosphere

IV (PH-Thornel 15 h at 600 C 2 h at 100 0 C, pressure: 0.03 45 h at 110 0 C
50) kp/cm 2

124 h at 100 0C, pressure: 5 110 - 300 0 C Heating rate:
kp/cm 2  120C/h in N2 atmosphere
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TABLE 19. MECHANICAL PROPERTIES OF COMPOSITE TYPES I - 'IV AS A FUNCTION OF CURING
TEMPERATURE (DETERMINED IN FIBER DIRECTION AT ROOM TEMPERATURE)

~ - Tensile strength Young s 2 modulus Bending ~-strength ite~ldminar
-. omposite ite" -dontent kp/ ] . [kP/ / 2  bending shear

.pera- :by vol, m-se calcul ache- mea- ca16ull acte - riea- calcul4 achie4 strength
tur isured ated sured ated e sured ated ed [kpimm]-L 1J ~i  I' '

110 47.5 138 8 41 94 1860 2070 90 32,l 41 78 4.30+

(P- ) 205 47.5 39.8 43 92 1920 2160 89 29.8 43 69 ' 4.62
305 49.2 33.4 47 71 1950 2330 84 - - 3.29

140 60,7 !39.4 53 A 74 2150 2650 81 27.9 53 53 2.47

EO-VB) 220 60,0 45.6 53 86. 2150 2650 81 29.8 53 56 4.24
IZO-VYB)

300 56.5 132-3 58 56 1960 2820 70 25.7 58 44 2.17t I .I ,

I i 110 43.6 53.1 57 94 6940 7710 90 43.8 57 77 2,04+

(PH-Thor- 200 47.7 56.1 63 89 7570 8520 90 31.5 63 50 1,74
nel 25) 305 46.8 47.2 65 73 6910 8460 83 21.7 65 33 0:98

IV i 110 42.8 72,2 87 83 17080 15060 113 35.O 87 40 2.30

iP -hor- 210 43.9 75.6 92 83 17720 15560 114 31.5 92 34 2.48
nel '0) 300 43.9 :62.7 94 67 17330 15650 111 18,8 94 20 1.13



The values calculated-by alligation for the tensile
strengths of composite types I - IV are achieved 85 , 95% with
the experimentally determined values at the optimal curing
temperatures. Composites with Phenodur PR 373 phenolic resin
as the matrix component (composites I and III) yield the best
utilization of the fiber and matrix strengths employed. The
measured values for moduli of elasticity reach 80 to 115% of
the calculated values with optimum curing, In this case, too,
the best utilization of the fiber and matrix moduli employed
is obtained for the composites with matrices of phenolic resin
(composites I, III and IV).

The bending strength of initially cured composites decreases
with progressive curing. A strength maximum in the temperature
range between 200 and 220 0 C, as occurs in the tensile strength
of the composites as the result of hardening of the matrix, is
exhibited only by composite II (EO-VYB). /86

Although the bending test yields higher strength values
than the tensile test under some conditions for brittle materials
(see Section 2.31) and in general for plastically deformable
materials, the measured values for bending strengths of the
initially cured composites reach only 50 - 80% of the measured
tensile strength values. Since the load acting from outside on
the fiber-reinforced composite must be transmitted to the fibers
by the matrix in the bending test, a poor state of fiber/matrix-
bonding can be concluded from the low bending strength data
(see Section 6.24). In such a case, it is no longer possible
to achieve complete utilization of the strength properties of
the fibers.

The ratio of b.nding strength to tensile strength remains
approximately constant over the entire curing range for compo-
sites I and II, with ungraphitized type VYB carbon fiber of
high specific surface area. For composites III and IV, with
stretch-graphitized Thornel 25 and 50 fibers of low specific
surface area, the ratio decreases with increasing curing tempera-
ture, so the utilization of fiber strength is even poorer. This
fact can be attributed to curing shrinkage of the matrix, on
the one hand, and poorer adhesion between the smooth surface of
the Thornel fiber types and the resin binder, on the other.
Increased separation of the matrix from the filaments occurs,
as a result of which the bonding of the reinforcing component
in the resin matrix and thas bending strength as compared to
the tensile strength of the composite deteriorate further.

The measured values for the bending strengths of composites
I - IV reach only 40 - 80% of the predicted values in the
optimum curing stage. Composites of Phenodur PR 373 phenolic
resin reinforced with VYB and Thornel 25 fibers (composites I and
III) yield the best utilization of the fiber and matrix strengths
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employed, as in the case of tensile strength.

The accuracy of the composite values calculated from the /87
mechanical properties of the pure components should not be over-
estimated, since the carbon fibers used are industrial products
subject to fluctuations in quality. Let us refer to composite
IV as an example, whose measured modulus of elasticity is about
15% above the calculated value in the optimum curing stage.
Similar cases are also known from the literature [20, 90, 9 4].

The bending shear strengths of composites is primarily a
function of curing temperature and the type of fiber used. Much
as in the case of tensile strength, the bending shear strengths
of type III reach maxima in the temperature range between 200
and 220C00. Thus hardening of the resin matrices as curing
progresses contributes not only to an improvement in tensile
strength but also to a rise in the bending shear strength of
composites. Full curing at 3000C is accompanied by a drop in
shear strength, as is the case with tensile and bending strengths,
due to damage to the composites as a result of matrix shrinkage
(see Section 6.24). As expected, higher strength values are
obtained from the composites with nongraphitized carbon fibers
of the VYB type, with high specific surface area (composites
I and II), in all stages of curing. In the case of composites
III and IV, with stretch-graphitized carbon fibers of the Thornel
25 and 50 types, such good adhesion does not occur between fiber
and matrix, as the result of the low specific surface area of
these fibers, so these systemssfail under relatively small loads
per unit area.

Delamination of the composites (see Fig. 15) did not always
occur with the selected support to specimen thickness ratio of
5:1. The specimens then failed without any sign of delamination
due to premature fracture on the side subjected either to tension
or to compression. In this case, the bending shear strength
values obtained (specially labeled in the table) represent a
minimum at which no delamination yet occurs. /88

Weight loss and longitudinal contraction in the fiber
direction can be seen for compositeb I- IV as functions of
curing temperature. The resin/fiber systems, like the unreinforced
thermoset matrices, experience increasing weight loss as curing
progresses. The extent to which the experimentally determined
Weight loss of composites agrees with the weight loss which can be
calculated from their pure components is indicated in Table 20
with the calculated data that are presented. These values were
calculated with the following formula:

GL GN YM (0 (6-3)
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Fig. 15. Scanning electron micrographs of a delaminated
laminate of composite II (E)-VYP), treatment temperature 300'C

I

where y - x
1+

0 0

and:

GL = weight loss of fiber-reinforced composite [%]

GM = weight loss of thermoset matrix without fiber reinforcement[%]

YM = matrix component by weight in initially cured composite [1]
0

pF = fiber density Lg/cm
3 ]

pM  = density of matrix in cured state [g/cm3 ]
0

(PPH = 1.18 g/cm 3 , PEO = 1.25 g/cm
3)

xF = fiber content by volume of initially cured composite [1]
0

Eq. (6-3) covers only the weight loss of the matrix com-
ponent. It was assumed that the reinforcing component experiences

no weight loss (GF = 0%).

The measured composite weight losses exhibit a more or /90
less pronounced positive or negative deviation from the
calculated values. For composites III and IV, with

RiEPRODUCIBILITY OF THffE
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TABLE 20. WEIGHT LOSS AND LONGITUDINAL CONTRACTION IN FIBER
DIRECTION OF COMPOSITES I - IV DURING CURING (ROOM TEMPERATURE

DATA)

Tpe of compo Curing' Weight ' loss ongitudinal
site temperatur _ contra&tion in

Sfiber direction
mea-, dalcula-

l oc sured. td 1

110 0 0 0
I (PH-VYB) 205 3,4 3,7 0,06

305 9,2 10,1 0,24

140 0 0 .0
II (EO-VTB) 220 7,8 3,2 0,17

300 22,1 '10,4 O,35

110 0 0 f 0
III(PH-Thornel 25) 200 3,5 3,9 0

305 5,S 11,3 0

110 0 0 0
IV (PH-Thornel 50) 210 2,5j 4,2 -0,06

300 4,8 10S 0,03

stretch-graphitized Thornel 25 and 50 carbon fibers, cured at
300 0C, twice as high a weight loss is calculated as -measured.
This finding indicates that the loss of weight and thus curing
of the thermosets is delayed by imbedded carbon fibers. In
the case of composite II, with ungraphitized VYB fiber, the
weight loss figures calculated were only 40 - 50% of the
measured data.

A weight loss on the part of the imbedded reinforcing com-
ponent can thus no longer be ruled out, according to the above
results. Studies in this regard have confirmed that, in contrast
to Thornel fibers, VYB fibers lose weight if they are subjected
to heating for a prolonged period in an atmosphere containing
oxygen. KA 300-hour heat treatment applied to this type of
fiber in air at 300 0 C caused a 63% weight loss. The weight loss
experienced by VYB fiber is also reflected in the results
obtained from composite I. Due to the shorter curing times for
this resin/fiber system, however, the weight loss of the imbedded
VYB fibers is smaller, so the measured weight losses do not
exceed the calculated values, as in the case of composite II,
but only approach them.
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Linear curing shrinkage in the fiber direction of composites
is largely prevented by the low compressibility of the carbon
fibers. In the case of composites I and I1, with low modulus
VYB fibers, it is more than an order of magnitude less than
longitudinal contraction in the unreinforced thermosets. Compo-
sites III and IV, with high modulus Thornel 25 and 50 fibers,
exhibit no shrinkage in the fiber direction, or only an amount
lying within the limits of measurement error.

6.24. Structure of the cured composites /91

In order to characterize the structure of the cured compo-
sites, use is made of light microibcopy7and, due to its depth of
field, scanning electron microscopy. The primary intention was
to determine the causes for the drop in composite strength with
increasing curing temperature. Conditions at the interface
between fiber and matrix and damage to the composite as the
result of matrix shrinkage were mainly studied.

The photomicrographs of sections of composites I, II and
III in various stages of curing are shown in Figs. 16 - 19;
Type III PH Thornel 25) is structurally identical to Type IV
(PH Thornel 50), which is not shown.

Fig. 16 shows the structure of composite I (PH-VYB) after
initial curing at 110 0 C, representative of the other composites
in the same curing stage. We see the irregular distribution of
the reinforcing component in the matrix, which is characteristic
of low fiber contents and twined fiber bundles. The good pene-
tration of the carbon yarn with matrix material, i.e., the ex-
tensive isolation of monofilaments by the re~in component, can
also be seen. These conditions agree with the results of the
wetting studies (see Section 5.2), according to which the thermo-
sets wet the carbon fibers made from cellulose well. Microcracks,
which primarily run along the fiber/matrix interface (see Fig.
16, top right), can be attributed to mechanical stressing of the
specimen during grinding and polishing and indicate poor bonding
between fiber and matrix. Pores occur only very occasionally.

During the course of fall curing, the composites experience
increasing damage which can be attributed exclusively to matrix
shrinkage. Figs. 17 - 19 show~ >the extent and nature of damage
which the composites exhibit after full curing at 300 0 C. In /93
composite I (PH=VYB), the curing shrinkage in a matrix which occurs-
perpendicular to the fiber direction causes separation of the matrix
from the fiber, on the one hand, and, on the other, causes the
matrix to tear open in the fiber direction (see Fig. 17, top).
The separation phenomena occur exclusively in the area of high
fiber concentrations, i.e., within the fiber bundlhs,. Damage to
the matrix by cracks in the fiber direction, on the other hand,
occurs only in relatively large fiber-free areas of matrix
between the individual fiber bundles. In the area of the fiber
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Fig. 16. Photomicrographs of a laminate of composite type I
(PH-VYB), treatment temperature 1100C; top: cross section;
bottom: longitudinal section

bundle margins, adequate bonding is insured between the two
composite components. Within the fiber bundles, imperfect
wetting of the individual fibers by matrix material must have
occurred at various points, allowing the matrix to shrink away
from the fiber unhindered at such locations. Separation of
adhering parts of the matrix can also occur under more favorable
conditions at such defects.

There is no damage to the composite from cracks running
perpendicular to the fiber direction in the matrix (see Fig. 17,
bottom), although linear shrinkage of the composite is less
than 0.5% in the fiber direction. The matrix shrinkage in the
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Fig. 17. Photomicrographs of a laminate of composite type I
(PH-VYB), treatment temperature 305'C; top: cross section;
bottom: longitudinal section.

fiber direction prevented during full curing is compensated for
by a corresponding transverse contraction due to the plastic
deformability of the matrix (see Section 4.135).

Composite II (EO-VYB) likewise exhibits longitudinal cracks
in the areas of matrix delimited by carbon yarns. Within the
fiber bundles, spherical pores can be observed in the matrix as
the result of curing shrinkage, instead of the separation pheno-
mena of the type occurring in composite I (see Fig. 18). This
indicates that curing of the epoxy resin commences at the fiber
surface.

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POO1
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Fig. 18. Photomicrographs of a laminate of composite II
(EO-VYB), treatment temperature 3000 C; left: cross section;
right: longitudinal section

Fig. 19. Photomicrographs of a laminate of composite III
(PH-Thornel 25), treatment temperature 305C00; cross section.

In composites III (PH-Thornel 25) and IV (PH-Thornel 50),
no cracks form in the areas of matrix containing no fiber. In /95
addition to separation phenomena, however, longitudinal cracks
always occur in the fiber bundles, too, (see Fig. 19). The
different form of cracking in these two composites as compared
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to composite I can be attributed to the fact that the phenolic
resin matrix adheres to the Thornel fibers, with a small specific
surface area, more poorly than to the VYB fiber, with its
large specific surface area. In the case of the Thornel fibers,
adhesion is so poor that it is unable to inhibit crack formation
along the fiber/matrix interface. Defects which develop from
improper wetting of the monofilaments within the fiber bundles /96
form the starting points for longitudinal cracks here. Damage
to the composite structure by cracks perpendicular to the fibers
occurs just as infrequently in the composites reinforced with
Thornel fibers as in composite I.

Figs, 20 - 23 show scanning electron micrographs of fracture
surfaces of composites I and III from tensile tests at various
stages of curing. The fracture behavior of composite II corresponds
to that of type I, and that of IV corresponds to that of type III.

Fig. 20. Scanning electron micrographs of fracture surfaces
of composite I (PH-VYB) from tensile test; left: after initial
curing at 1101C; right: after full curing at 305 0 C.

The overview micrographs (see Figs. 20 and 21) show fiber
ends projecting from the matrix surface. Their length repre-
sents a measure of the state of bonding between fiber and matrix,
i.e., the shorter the fiber length, the better the bonding. It
is better in the composites with nongraphitized VYB carbon fiber, /98
of high specific surface area, than in the composites with
stretch-graphitized Thornel 25 and 50 carbon fibers, of low
specific surface area. Fiber/matrix bonding in the composites
is impaired by curing shrinkage in the matrix. This can be seen
from the fact that the fiber ends project farther from the
surface of the matrix after full curing at 3000C than in the
initial curing stage.
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Fig, 21. Scanning electron micrographs of fracture surfaces
of composite III (PH-Thornel 25) from tensile test: left:
after initial curing at 1100C; right: after full curing at
3050C.

Fig. 22. Defective imbedding of carbon fibers in thermoset
matrices after initial curing at 110oC; left: composite I (PH-
VYB); right: composite III (PH-Thornel 25)

The closeups (see Figs. 22 and 23) show symptoms of damage
to the composite structures. Fig. 22 indicates the imperfect
wetting of monofilaments in the initially cured resin matrix
as the result of imperfect wetting. Separation of the matrix
from the fibers as the result of curing shrinkage can be seen

from Fig. 23. The information which can be obtained from the
microscopic studies agrees with the results of the strength
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studies (see Section 6.23),
according to which increasing
damage to the composites occurs
as curing progresses, and a
better state of bonding is
achieved with the VYB fiber than
with the Thornel types.

6.3. Author's studies on /99
the carbon-fiber
reinforcement of
polyimides

6.31. Selection of composite
systems studied

Fig. 23. Separation of Only the composite systems
resin matrix from carbon made up of Kerimid 601 and
fiber; composite III (PH- QX-13 with Thornel 50 fiber
Thornel 25) after full were studied with the polyimide
curing at 305 0 C. resins that were available. As

already shown in Section 4.21,
Kerimid 601 could be worked with
easier than QX-13, whereas QX-13

exhibited both better thermal stability and greater coke residue.
Only a few composites were prepared with P 13 N polyimide for
preliminary pyrolysis experiments.

6.32. Preparation and curing of composites /100

It was possible to apply the technique used to prepare
carbon-fiber-reinforced thermosets to the preparation of
unidirectionally reinforced composites based on Kerimid 601

polyimide resin and Thornel 50 carbon fiber (wet winding followed
by pressure curing of the wound product). The carbon fibers
were impregnated with a 50 wt.% solution of Kerimid 601 in
n-methyl-2-pyrrolidone(NMP). The data for preparation of the

composites are compiled in Table 21.

Composites of QX-13 polyimide resin unidirectionally rein-

forced with Thornel 50 fibers could not be produced without
defects with the technique used previously, due to the pronounced

foaming of the matrix material. A method which has proven itself

is to wind a layer of Thornel 50 yarn dry on a stretching frame

(fiber advance / turn: 2.5 mm) and then impregnate the fibers

with a 20 wt.% solution of QX-13 in acetone. In order to achieve

complete sheathing of the fibers with resin, impregnation was

done 12 times. Each impregnation was followed by ten minutes of

heat treatment of the fiber cords in the drybox at 100'C in

order to evaporate solvent and fix the resin to the fibers.
After the last impregnation, the resin-coated carbon fibers were

partially cured at 1000C for one hour and 2000C for seven hours.
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TABLE 21. DATA ON THE PREPARATION OF UNIDIRECTIONALLY REINFORCED
COMPOSITES BASED ON KERIMID 601 POLYIMIDE RESIN / THORNEL 50 FIBER

IFiber tension (p) 250

,Fibei' advance / 0.56
winding turn .5

..Number of winding'layer S

2 h at 800 C
75 &mat 12OC
40 mias at uodc Pressure
20 a" at 140oc 1.5 kp/ca 2

Curing c6nditions is sn at 1Sd°c
in air I h art, AOOC

I h at 1400C
s15 b at 160C

30 h at 200oc
20h -at 2SO0 C

15 h at 30O°C

Composite thickness[=] 0.80
(after curing at 160 0 C)

-Fiber content by [%] .
volume (after curing at16C)0

The precured fiber cords were made into specimen bars with
dimensions of 200 X 5 X 1.5 mm in a die heated to 325 0 C under
a pressure of 2.1 kp/mm 2 . Curing time under these conditions
was 30 min. The specimen bars were aftercured Without, -
pressure and exposed to air at 300 0 C for 15 h. The fiber
content was varied by changing the number of impregnated fiber
cords per(-specimen bar and by pressing the bars to equal thickness.

The same method with the following modified curing
schedule was applied to the P 13 N polyimide resin / Thornel 50
fiber composites prepared for performing a preliminary pyrolysis /101
experiment:

1. Resin-impregnated fiber cords dried in vacuum drybox
under water-aspirator vacuum:

1 h at 800 C
1 h at 1000 C
3 h at 120 0 C

2. Dried fiber bundles, covered with additional pulverized
P 13 N, pressure-cured (maximum curing temperature 1400C) in a
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- TABLE 22. PROPERTIES OF CURED CARBON-FIBER-REINFORCED POLYIMIDES (DETERMINED IN FIBER
o DIRECTION AT ROOM TEMPERATURE)

ui - Tensile strength Youngsodulus Bending strength ter- ht nitu-Tyj e f Cuiine iber T sn se

o term ontentlP/ PAM 03 [kp/m am. ,Ioss dinal
composite era-y vol.nea- cal- achie- cal- achie- mea- cal- achie- eontrac-jue-, aue ,ula Vo.e _mea- conrac

e sured ula- yed , cula, ved sure cula- shear[o¢3 ~~~~ ~ ~ 4 [,] se+trI. +i ' : , ' en"I  ton
[ ea Il] ed+, U1 sueted+ 'N ted+ sen- 0

16o 40.0 80.8 80 101 15.9 14.0 114 384 60 48 ,1.73 0 0
KEARIMID

200 41.3 79,3 83 96 167 1454 11 35.9 63 43 1,42 3,9 0

r Te c ~ 250 41.6 80.6 83 97 17.2 14.6 110 35.7 03 43 1,37 4.3 0

300 43.1 76*1 86 89 16,7 15.1 111 31.4 06 37 ,-I S.8 0

QX-13/ 100 30.4 37.7 61 62 10.1 10.6 95 21.1 61 35 2.51 - -

Thornel 50 300 46.3 68.3 93 74 15.1 16.2 93 39.9 93 43 2.64 -

P13N/Hor- 310 60 - - 15.8 15.0- 105- 107 150I- 72- 4.56 - -
19.2 02 192 56

ganite
Modmor -S

+ Matrix component was neglected
++ 50% of specimens did not delaminate

+++ Bending modulus



die open at the ends:

30 min at 300oC; pressure: 0.75 kp/mm 2

3. Composites aftercured without pressure in air: /102

20 h at 150 0 C
15 h at 20000
15 h at 2500C
10 h at 30000

6.33. Properties and structure of the cured composites

The measurements were performed on the fiber-reinforced
polyimide resins under the same test conditions as those n
which the studies of fiber-reinforced thermosets were based.
The data obtained on the composite properties are compiled in
Table 22. Composites of P 13 N with surface-treated carbon
fibers by Morgafnite Modmor Ltd. were prepared and tested by a
colleague at. the same time as the author's experiments. The
properties of these composites are included in Table 22.

The composite based on Kerimid 601 / Thornel 50 fiber
studied in various stages of curing exhibits approximately
constant tensile strength and modulus of elasticity values
over the entire curing range. If the unknown characteristic
matrix data are heglected, alligation (Eqs, (2-3) and (2-5);
see Section 2.2) indicates 95% utilization of fiber strength
and 115% utilization of fiber modulus of elasticity, averaged
over the curing range.

The bending strength and interlaminar bending shear
strength of the composite decrease with progressive hardening,
indicating increasing damage to the composite structure as
the result of cuting shrinkage of the polyimide matrix. About
50% of the predicted composite bending strength is achieved in
the initial hardening stage. After full curing at 300C00,
utilization of the fiber strength used amounts to only about
35%. A comparison of the mechanical properties of composites /104
of Kerimid 601 polyimide resin / Thornel 50 fiber and Phenodur
PR 373 phenolic resin / Thornel 50 fiber cured at 300 0 C (see
Section 6.23) shows that the polyimide resin is superior to
the thermoset as matrix material for heat-resistant composites.

Scanning electron micrographs of fracture surfaces of the
carbon-fiber-/ polyimide laminate from tensile testing (see
Fig. 24) provide an impression of the composite structure and
the state of fiber/matrix bonding. The fiber tips projecting
far from the matrix surface indicate poor adhesion of the matrix
to the fibers. Imperfect imbedding of the fibers in the polymer
matrix because of poor wetting can be ruled out, since angle of
contact measurements made by the direct method with the scanning
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electron microscope (see Section 5.22) showed excellent wetting
behavior.

Fig. 24. Scanning electron micrographs of fracture surfaces of
the Kerimid 601 polyimide / Thornel 50 fiber composite from
tensile test: left: aftercuring at 160C00; right: after full
curing at 30000.

The composite material of QX-13 polyimide resin reinforced
with Thornel 50 fiber and cured at 3000C does not provide the
full extent of composite strength properties to be expected on
the basis of alligation. The measured tensile strength for
the composites of low fiber content (30.4 vol.%) is 62% and that
for the composites of high fiber content (46.3 vol.%) is 74% of
the calculated value, neglecting matrix strength. While 93%
(x F = 46.3 vol.%) and 95% (x, = 30.4 vol.%) of the calculated
composite modulus of elasticity is achieved, it is somewhat
lower than the value achieved by the Kerimid 601 (115%) or
Phenodur PR 373 (111%) reinforced with Thornel 50 fibers. In
the case of bending strength, only 35 to 43% of fiber strength
is utilized.

The cause of reduced utilization of the strength of Thornel
fibers in the QX-13 matrix rests in the technique for preparing
this composite. The high pressure necessary for compacting the
composite impairs unidirectional fiber orientation and causes
damage to the fibers. The relatively high interlaminar bending
shear strength of the composite, hardly affected by the above,
indicates good adhesion of the matrix to the fiber.

Photomicrographs and scanning electron micrographs of
specimen bars (see Figs. 25 and 26) show the structural charac-
teristics of the polyimide resin reinforced with 30 vol.%
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carbon fibers. In spite of the high pressure used for pressing,
it was not possible to produce a composite which was completely
compact in the interior. Defect-free imbedding of the fiber
in the matrix can be observed in areas containing no pores.
Fracture behavior is similar to that of thermosets reinforced
with VYB fibers after their partial curing. The tensile test
produced fracture surfaces with short fiber tips projecting
from the matrix surface, characteristic of good-fiber/matrix
bonding, on the one hand, and on the other hand, supportive of
information obtained from the bending shear test.

Fig. 25, Photomicrographs of composites of QX-13 polyimide
resin and Thornel 50 fibers after curing at 300 0 C, fiber content
30.4 vol.%; top: cross section; bottom: longitudinal section.

pEPRODUCIBILITY OF THE
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In contrast to the composites discussed above, those of
P 13 N polyimide resin with surface-treated Morganite Modmor /106
fibers are characterized both by high interlaminar bending shear
strength and, in the case of bending strength, by better utiliza-
tion of the strength of the fibers used. These facts agree with
predictions based on a knowledge of the strength behavior of
polymers which are reinforced with surface-treated fibers. /107

Fig. 26. Scanning electron micrographs of fracture surfaces of
QX-13 polyimide / Thornel 50 fiber composite from tensile test,
curing temperature 3000 C, fiber component 30.4 vol.%.

6.4. Aging behavior of carbon-fiber-reinforced thermosets
and polyimides

Curable carbon-fiber-reinforced polymers are known to resist
high thermal loads for brief periods in air. Under prolonged
thermal loads above their sustained-use temperature, however,
they experience shrinkage, primarily as the result of oxidative
decomposition, causing the impairment of mechanical properties,
In an inert gas atmosphere, on the other hand, thermal decompo-
sition of the polymer matrices contributes considerably to a
change in composite properties.

Table 23 shows the properties of fully cured carbon-fiber-
reinforced thermosets and polyimides after hot aging at 300 -
400 0 C in air and at 40000 in a nitrogen atmosphere. The ratio,
in percentage, between the strength values for hot-aged and /110
fully cured composite systems are included in parentheses.

The results of the thermal aging tests show that the carbon-
fiber-reinforced thermosets are destroyed in air even at 3000C.
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TABLE 23. PROPERTIES OF HOT-AGED CARBON-EIBER-REINFORCED THERMOSETS AND POLYIMIDES,

CURED AT 3000C (DETERMINED IN FIBER DIRECTION AT ROOM TEMPERATURE)

R-es fb er content Aging Tensile Bending- Interlaminar  Weight
system by volum~ af- conditions strength strength bending shear loss

ter -curing atstre
3000C-[% _j(p.. a

' L' "300 h -, at

iCn 0.78 (2%) <0.01 ((O,04%) <0.01 (<0.031) 76.5

Pheno#ur PR 373/ 49.2 air

0 CO - 18. (68 ) 1.18+ + (361) 10.8;: 400°C tn24.44.

nibrogen..4

3o0h 0 t
300 C 23.8 (50%) <0.01 ( 0.05%) <0.01 (<1%) 38.1

Phonodur PR 373/ 46.8 air
Thornol 25 150 h a 6 (17) 0.32 (33) 6.2

4000 : in (33)1361+
nitrogen,_

300 h at
300C - <0 ((,%1 4O.0 (<St) 33.9

a air
300 h at

MLRTMID 601/ 43.1 400 C < (0.01 (<0.03%) co.eJ 1'G iL.4
T1 . , 50 j air

300 h at 10.7 (34%) 0.45 (39. 1;,:: ": 460o . IA

- __.-_.-_._. L nitrogen I-

+ determined at 3000 C; support/thickness ratio 25:1
++ specimens did not delaminate



TABLE 23 continued
cO

IFiber content, Interlaminar
Resin/fiber by volume af- Aging Tensile Bending bending shear Weight
system ter curingaat conditions strength strength strength loss

3000 C L%]

300 399 (1890) 2.30 (92%) 9.0
300 in - 355,,.. ,35!15
air

300h at
30.4 400iC in 0 (0) 0 (O0) 99.9

air
300 h at ,2 (1721) 2.32 ++(92%) 6.5
400C in 32_5
nitrogen

QX-13/Thornel 50

300_h att 35 4 (89%) 1,72+ (65%) 9.0
300 OC In 29 3+
air.

300 h at
46.3 400C in 0 (O0) 0 (O0) 90.6

air
-. 300_h at

400 C in - 326 (82) 173 (66%) 5.6

_ ___nitrogen .

,x + determined at 300 0 C; support/thickness ration 25:1
++ specimens did not delaminate



It can be seen from the high weight loss and the 26% longitudi-
nal contraction of phenolic resin reinforced with VYB fibers
that oxidative attack is not limited to just the :esin matrix
but also affects the reinforcing component. Aging tests per-
formed under equivalent conditionswith the types of resin-free
carbon fiber yield a weight loss of 63.3% and a longitudinal
shrinkage of 22.3% for the nongraphitized VYB fiber. For the
stretch-graphitized Thornel 25 and 50 fibers, the weight loss
amounts to between 0.5 and 1%. Shrinkage in the fiber's longi-
tudinal direction is not observed.

The resistance of both Kerimid 601 and QX-13 fiber-rein-
forced polyimides to aging in air at 300 0 C differs considerably.
While the ability of the matrix to hold the fibers together is
lost to a large extent in the composite made with Kerimid 601
polyimide, the composites with QX-13 matrices exhibit 89 to 189%
of their original bending strength and 65 to 92% of their inter-
laminar bending shear strength.

Hot aging at 4000C in air causes complete destruction of
the fiber-reinforced polyimides. Under these aging conditions,
the Thornel 50 fibers are completely oxidized in the presence
of the QX-13 matrix in the case of low fiber content by volume,
whereas for higher fiber content, the fiber is only partially
oxidized. On the other hand, Kerimid 601 does not affect oxida-
tion of the fiber.

The heat resistance of Phenodur PR 373 and Kerimid 601
fiber-reinforced resins in ultrapure nitrogen at 400 0 C is con-
siderably better than that in air at 300 0 C. When subjected to
purely thermal loads, the materials retain 17 to 68% of their
initial bending strength and 33 to 39% of their initial inter- /111
laminar shear strength. The composites with a QX-13 polyimide
resin matrix exhibit almost just as good strength behavior after
heating as 400C00 in an inert gas atmosphere as after heat
treatment at 30000 in air.

The hot bending strengths of heat aged composites determined
at 300 0 C deviate considerably from the values taken at room
temperature (see Table 23). Phenodur PR 373 phenolic resin and
Kerimid 601 polyimide yield higher bending strength values at
3000C than at room temperature. Conditions are reversed for
QX-13 polyimide.

In summary, it can be stated that composites made of Kerimid
601 and QX-13 polyimides withstand thermal loads at 300 to 400C00
betterlthan composites of Phenodur PR 373 phenolic resin, and
their sensitivity to oxidation is also lower. Because of the
very complex decomposition process, no final conclusion can be
drawn from the small number of experiments regarding load limits.
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7. Thermal decomposition of carbon-fiber-reinforced polymers /112

to carbbn-carbon composites

7.1. Literature

Two alternative methods are known for producing carbon-
fiber-reinforced carbon composites, namely the precipitation of
"pyrocarbon" from the gas phase (carbon vapor deposition) in
carbon fiber structures and the thermal decomposition of carbon-
fiber-reinforced composites with organic matrices [16, 19].

The CVD method involves serious technical problems but has
so far yielded the best results (see Table 24). The technically
simpler method of bonding agent pyrolysis is based on the
controlled thermal decomposition of carbonizable material in
which carbon fibers have been imbedded. Polymers, pitches, or
combinations of these are used as starting material for the
carbon matrix. Since, of the polymers, highly ross-linked
thermosets are primarily capable of producing isotrppic high-
strength carbon without cracks and pores in controlled thermal
decomposition, carbon-fiber-reinforced thermosets are primarily
used as starting material for the carbon binder in carbon-carbon
composites.

Due to the high volume shrinkage of the polymer and pitch
matrices dufing carbonization, the carbon-carbon composites are
porous and cracked. Their mechanical strengths are thus low
(see Table 24). These materials can be considerably enhanced
with regard to their strength behavior by suitable measures,
however.

Table 25 provides a survey of present methods for producing
solid carbon-carbon composites based on fiber-reinforced organic
matrices and contains a compilation of the strengths which are
ahieved. Of! possibilities listed, the most impressive at /116
first glance are the two approaches given first: the cocoking
of synthetic organic fibers in polymer matrices and the addition
of solid or fusible fillers such as graphite powder or pitch.
The cocoking of reinforcing fibers would offer the advantage
that the fibers need not be carbonized first. The incorporation
of fillers requires only a small amount of work. As can be
seen from the literature data on the strength properties of
carbon-carbon composites, however, only the addition of a solid
lean material such as graphite powder has proven successful so
far.

The method used most frequently at present to improve
strength properties consists of impregnating the composites
with an organic matrix after coking and then coking them a
second time. This method, known and practiced as the impregna-
tion method for decades in synthetic carbon technology, only
proves to be desirable, however, if the fibers are not appreciably
damaged by the first coking processi Since three to four
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TABLE 24. LITERATURE DATA ON STRENGTH PROPERTIES OF CARBON-CARBON COMPOSITES AT ROOM
TEMPERATURE

Method of Matrix precursor / Type of Tensile Bending Interlaminar
production carbon fiber strength strength bending shear

[kp/mm 2] [kp/mm2 ] strength
[kp/mm2 ]

Thermal decom- , R 10993 phenolic resin 15 -
position of (Bakelite Ltd.) / HM carbon
ca-rbon-iifTber- fTier (RAE, England) [20]
reinforced Resin+ /C fabric (Union 10 1.4
organic Carbide Corp.) [17]
matrices
(without re- Furfuryl alcohol resin / 21 - 23 2.2 - 2.7
impregnation) C fiber+ [24]

Pasing EP 77 pitch /VYB C - 5 3 0.14
fiber (Union Carbide Corp.)
125]

Pasing EP 77 pitch /Thorndl >33 >45 1.8
50 C fiber (Union Carbide
Corp.) [25]

Precipitation Pyrocarbon / Thornel 50 C- 72 77 2.8
of pyrocarbon fiber (Union Carbide Corp.)
in carbon fiber [16]
structures

+ no detailed information given



co TABLE 25. MEASURES TAKEN TO PRODUCE SOLID CARBON-CARBON COMPOSITES BASED ON FIBER-
a REINFORCED ORGANIC MATRICES, AND STRENGTH PROPERTIES ACHIEVED

Measure Components of uncoked composites Strength properties of unidirectionally
reinforced C-C composites (determined
in fiber direction at room temperature)

Tensile, Bending Interlaminar
strength strength bending shear
Ikp/mm2 ] Jkp/mm 2 ] strength

SIkp/mm 2 ]

Cocbking of Phenolic resin / partially pyro- 5 -

organic fibers lyzed rayon fiber [14]
in polymer
matrices

Incorporation Phenolic-epoxy resin mixture - 88 3i0
of solid or filled with graphite / HM C
fusible fiber (RAE, England) [20]
fillers into 438 epoxy resin (Dow Chemical 12t 29+ 2 1
polymerf Cd.) modified with PR 275 pitch
matrices with (3M Co.) / CY 5 C-fiber (Car-
carbon fiber borundum Co.) [15]
reinforcement

Impregnation 98-638 phenolic resin (Reich- 19+  34+  2.1+

of carbonized hold Chemicals, Inc.) / CY-2
carbon-fiber= Cwfiber (Carborundum Co.) [15]
reinforced Resin++++ / C-fiber++++ [16] -21+ 32 2.5+
polymers and ++  ++ ++
pitches with Pasing EP 77 pitch / VYB C'fiber 1 4 0.35
new organic (Union Carbide Corp.) [26]
matrix, Pasing EP 77 pitch / Thornel 75 - 97. 3.2.
followed by C fiber (Union Carbide Corp.)
recarboniza- [26]
tion



TABLE 25 continued

Measure Components of uncoked composites Strength properties of unidirectionally
reinforced C-C composites (determined
in fiber direction at room temperature)

Tensile Bending Interlaminar
strength strength bending shear
Ikp/mm 2] Ekp/mm2 ] strength

Ekp/mm 2 ]

SPrecipitation Resin+ + / HM C fiber (Morganite 84 - 98 - 3.2
of pyrocarbon Modmor Ltd.) [18]
in thermally
decomposed Phenolic resin / Grafil HT C ,fiber - 105 - 124 -
carbon-fiber- (Courtaulds Ltd.) [19]
reinforced
thermosets

+ impregnated 3 x, recarbonized 3 x
++ impregnated 2 x, recarbonized 2 x
+++ impregnated 4 x, recarbonized 4 x
++++ no detailed information given
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impregnation and recarbonization steps are generally necessary,
this method consumes much effort and time. However, excellent
strength data have been achieved recently in a concurrent study
at this Institute 126].

The precipitation of pyrocarbon in thermally decomposed
carbon-fiber-reinforced thermosets proved it to be the most
successful method at the time this work was begun, according to
the literature. The maximum bending strength achieved with
such carbon-carbon composites is 124 kp/mm [19].

7.2. Pyrolysis of carbon-fiber-reinforced thermosets /117

7.21. Model studies on shrinkage behavior

As can be seen from the strength and structural studies
performed on the carbon-fiber-reinforced thermosets, even the
curing shrinkage of the thermosets causes partial damage to the
composites. Thus extensive destruction of the composite can
be expected from shrinkage 6f the thermosets during pyrolysis.

In order to obtain information on the mechanism of damage
to the composite structure, the shrinkage behavior of carbon-
fiber-reinforced thermosets during curing and pyrolysis were
studied with model specimens with particularly small fiber
contents, by volume, in which an interaction between the indi-
vidual monofilaments was ruled out. The studies were performed
with Phenodur PR 373 phenolic resin and VYB and Thornel 25
carbon fibers, which exhibit very different specific surface
areas (see Table 3, Section 3.21).

To prepare the model composites, a 15 mm long fiber bundle
containing about 500 individual fibers was first mounted per-
pendicularly on thebbase of a glass cylinder and then covered
completely with liquid matrix. Repeated spreading of the fiber
bundle in the liquid matrix caused the filaments to be completely
isolated from one another in the solid matrix. After initial
curing of the composite blank at 1100 C, a platelet with dimensions
of 3 X 3 X 1 mm, as shown schematically in Fig. 27 a, was cut
out of it, and its upper and lower surfaces polished. The
platelet, serving as a model composite, was then subjected to
a thermal treatment to 1000 0 C. After thermal decomposition,
the specimens had different appearances, depending upon the type
of fiber embedded, as shown schematically in Fig. 27 b.

Scanning electron microscopy studies of the thermally /118
decomposed model composites permit conclusions to be drawn
regarding the processes which take place in the composites during
during and pyrolysis. Due to a poor state of fiber/matrix
bonding in the initial curing stage, the phenolic resin matrix
can shrink along the fiber in the initial stage of thermal
treatment in both types of composite, as a result of which the
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ends of the imbedded fibers are exposed. As treatment tempera-
ture rises, longitudinal shrinkage of the matrix becomes more
and more difficult and finally is completely prevented.

The reason for the premature termination of longitudinal
shrinkage can be sought in the shrinkage behavior of the matrix
perpendicular to the fiber direction. This is a function of
fiber concentration and can be shown using the model tests with
a matrix without fiber reinforcement (see Section 4.1 3 4). At
low fiber concentration, the matrix shrinks toward the fiber,
whereas if fiber content is high, it shrinks away from the fiber,
at least in the areas between fibers making contact with one
another, as shown schematically in Fig. 28.

Polished surface R+_VY PH-Thar 25

Resin Fiber

After curing (110 0C) After c'arbonization (1000oC)
b 0

Fig. 27. Model composites (schematic)

a b

Fig. 28, Shrinkage mechanisms in thermoset matrices perpendi-
cular to fiber direction (schematic); a) high fiber concentration,
b) low fiber concentration
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The former shrinkage mechanism applies to the model
specimens, so the state of bonding between fiber and matrix is
increasingly improved during the course of thermal treatment by /119
the process of shrinkage. To the same extent that adhesive
forces between the two composite components are increased by
the shrink "seat", shrinkage of the matrix along the fiber is
hindered more and more and then completely prevented.

A certain delay in the development of a frictional bond
which prevents longitudinal shrinkage is due to the initial
plasticity of the matrix (see Section 4.135). Due to its
plastic deformability, the matrix that has shrunk on the fiber
is pushed away in the fiber's longitudinal direction, so the
shrinkage stresses already existing are not increased, or only
to the extent that the matrix loses plasticity. The extent to
which the matrix flows away longitudinally with respect to the
fiber can be seen from the folded structures which have formed
on the matrix surface of the model specimens (see Fig. 29).

L

Fig. 29. Scanning electron micrographs of matrix surface topo-
graphy (Phenodur PR 373 phenolic resin) after thermal decompo-
sition to 1000OC; left, VYB carbon fiber; right: Thornel 25
carbon fiber.

The structural integrity of model composites pyrolyzed to
1000 0 C is determined primarily by the treatment temperature at
which longitudinal shrinkage of the matrix is prevented. In /120
addition to the factors already listed, such as poor fiber/matrix
bonding in the initial curing stage and plasticity of the matrix,
primarily the surface character of the fiber has a decisive
effect on this temperature. In the case of VYB fiber, which
exhibits a higher specific surface area than Thornel 25 fiber,
longitudinal shrinkage of the matrix is prevented in an earlier
stage of thermal treatment. As a result, the model composite is
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subject to such high stress during the further course of pyro-
lysis to 100000 that it tears open perpendicular to the fiber
(see Fig. 30). In the specimen with Thornel 25 fiber, the
magnitude of stress is reduced because the matrix can slide along
the fiber up to a higher treatment temperature. The shrinkage
stresses obviously do not reach the ultimate strength of the
matrix, since the composite decomposed thermally to 1000 0 C
exhibits no damage due to crack formation (see Fig. 31).

Fig. 30. Scanning electron micrographs of a model composite
of Phenodur PR 373 phenolic resin and VYB carbon fiber, treatment
temperature 100000, longitudinal dimension in the fiber direction:
1 mm.

Fig. 31. Scanning electron micrographs of a model composite
of Phenodur PR 373 phenolic resin and Thornel 25 carbon fiber,
treatment temperature 10000C, longitudinal dimension in the fiber
direction: 1 mm.
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But even in the case of Thornel 25 and 50 fiber, cracks /122
occur if a model composite has a relatively large longitudinal
dimension relative to the fiber. The coked specimens then
have shrinkage cracks through them perpendicular to the fiber
at intervals of about 1 mm (see Fig. 32, left). It is also
found that the damage to the composites caused by shrinkage
stresses is limited not only to the matrix but also includes
the fibers (see Fig. 32, right).

Fig. 32. Scanning electron micrographs of a model composite
of Phenodur PR 373 phenolic resin and Thornel 50 carbon fiber,
treatment temperature 11201C, longitudinal dimension in the
fiber direction: 5 mm.

7.22. Properties of thermally decomposed composites

It can be seen from the microscopic studies performed on

the pyrolyzed model composites that pyrolysis shrinkage of the

thermoset matrices causes extensive destruction of the composite
structures. Strength studies on partially and fully pyrolyzed

composites of specimen types I - IV were therefore aimed at

quantitatively determining the damage in various stages of

thermal decomposition. These composites were pyrolyzed under

the same conditions as the unreinforced matrix materials (see
Section 4.132).

The change in mechanical properties of the fully cured /124

composites with increasing pyrolysis temperature to 1200C00 can

seen from Table 26. The fiber contents by volume determined

from expressions (6-1) and (6-2) (see Section 6.22) and the

tensile strength and modulus of elasticity values calculated

for the four types of composites by alligation are also included.

Mechanical properties are plotted in Figs. 33 - 35 as functions

of treatment temperature; results for the composites in various

stages of curing are included.
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TABLE 26. MECHANICAL PROPERTIES OF COMPOSITES I - III IN VARIOUS STAGES OF PYROLYSIS
(DETERMINED IN FIBER DIRECTION AT ROOM TEMPERATURE)

u- ... ......... ter.am.spo te Fiber -Tensile stref gth Yo 's mulus Bending strength nterlam.
opeite s pontent 2,., bp/m ] bkp/m2]  ending

compositey VOl cal- achie- hie- i cal- achieshear stgength
,:rr -mea-,ca- ch mea-[ cal- achie- mep . - mu eea - [%] .:

0] e [a acular ved mea calv eula- ye kp/mm
.. eted su ted _edu____p/ __

350 49.7 33.1 46 71 1950 2310 84 26.2 46 57 -
I 400 50.4 31.2 46 68 1850 2330 79 - - - 2.29 +

460 50.9 - - - - - - 12.1 46 26 -

(PH-VYB) 600 51.6 20.3 45 45 1850 2540 73 2.8 45 6 0.44 +

900 51.6 7.1 49 15 2690 3370 79 1.8 49 4 0.67+

1190 50.7 5,9 49 12 2910 3590 81 10,7 49 < . 035+

400 65.,5 3 5 .0 57 62 2140 2880 74 - - - 1.74
II 500 67-7 28.0 58 48 2180 2940 73 12.6 58 22 1.19

600 66-.7 171 57 30 2150 3020 71 - - - -

(EO-VYB) 700 67.7 11,5 58 20 2370 3260 73 3.4 58 6 0.40
1190 68.7 5.7 61 9 2990 3880 77 <1.0 61 2 0.18 +

460 46.8 - - - 1.1 62 12 -
575 46.8 32.2 61 53 5260 8570 61 - - - <0.01
700 47.7 31.0 64 49 6310 9070 70 <1.1 64 2 .0.01

(PH-Thorrnel 25) 1120 47.7 28.9 67 44 6940 9950 70 '1,1 67 1 2 :0.01

v 460 45.1 54,8 93 59 16240 16050 101 7.5 93 8 032+

690 46.4 48.9 96 51 16410 16900 97 2.9 96 3 0.-03

PH-Thornel 50) 1130 46.4 40,5 99 41 14820 17890 83 (1.8 99 r2 0-11

Specimens did not delaminate
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7.221. Tensile strength and modulus of elasticity

The tensile strength of composites fully cured to 3000C
and already structurally damaged continually decreases further
with increasing treatment temperature, as Fig. 33 shows. In
addition to the initial drop in the strength of fully cured
thermoset matrices due to thermal decomposition to about 550 0 C
Cse6 Section 4.133), further damage to the composite structure
due to pyrolysis shrinkage of the matrix materials (see Section
7.23) is the primary cause of the drop in composite strength.
The greatest strength loss is found between 300 and 80000. This
exactly corresponds to the temperature range in which the thermo-
set matrices experience the greatest pyrolysis shrinkage (see
Section 4.133).

Hardening of the matrices above 550 - 60000 is not
reflected in the strength behavior of the composites. In the
case of composites I and II, with nongraphitized VYB carbon
fiber, the strength of the composite material instead drops
below that of the unreinforced thermally decomposed thermosets
after heat teatment above 85000C. In the case of composites
III and IV, with strethh-graphitized Thornel 25 and 50 fibers,
on the other hand, room temperature tensile strength fluctuates
about a final value of about 30 kp/mm 2 (type III) and 40 kp/mm 2 /126
(type IV) up to the termination of coking in the_110:0- 12000C
range. Thus strengthening by a factor of about 2.5 and 3.5
is obtained relative to unreinforced carbon matrix from thermally
decomposed phenolic resin.

The composite strength values calculated by alligation
(Eq. (2-3); see Section 2.2) increase with increasing pyrolysis
temperature, since composite volume decreases because of matrix
shrinkage, and the fiber content by volume consequently increases.
As thermal decomposition progresses, the discrepancy between
calculated and measured strength data likewise increasef. After
complete pyrolysis at 1100 - 12000C, the actual tensile strength
of composites reinforced with Thornel fibers is 40% of the
calculated value. Only 10% of the calculated composite tensile
strength is achieved with VYB fiber as the reinforcing component

The extremely poor utilization of strength in the thermally
decomposed comp6sites with VYB fiber can only be explained if
this type of fiber is damaged much more severely during the
course of pyrolysis than the Thornel fibers. Since the VYB fibers
are a pyrolyzed rather than graphitized carbon fiber with a
carbon content of only 90 wt.%, this suggests, first of all,
thermally induced fiber damage as the res5it of recoking of the
fiber in the composite. In order to check this, VYB fibers
were heated to 100000 at 120 C/h in an inert gas atmosphere.
Recoking caused a weight loss of 17.6% and fiber shrinkage of
0.6%. No effect on tensile strength and modulus of elasticity
could be detected, however.
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Fig. 33. Tensile strength and moduli of elasticity of
composites I - IV as functions of treatment temperature
(determined in fiber direction at room temperature)

Recrystallization of the fiber in the pyrolyzing resin
matrix because of phosphorous-bearing additives in fiber
production, aas is postulated by MacKay [15], would be a
conceivable cause of damage. Radiographic studies performed
on powder samples of VYB fibers, on the one hand, and a
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completely pyrolyzed composite material based on phenolic /127
resins / VYB fiber (composite 1, 11901C), on the other hand,
gave no indication of recrystallization, however, although the
VYB fibers used in this work contained about 4 wt.% sodium
polyphosphate E95].

The severe damage to VYB fiber is therefore attributed to
the high internal mechanical stress which accompanies the high
degree of matrix/VYB fiber bonding and matrix shrinkage.

Strength studies performed on cured and pyrolyzed composites
of Phenodur PR 373 phenolic resin reinforced with thermally
aftertreated VYB fiber (see Section 7.254) have confirmed this
assumption.

In contrast to tensile strength, the modulus of elasticity
of the cured composites does not change significantly with
progressive thermal decomposition. It experiences certain
fluctuations in the temperature range between 300 and 11200O C
The rise in the modulus of elasticity of the matrix component
during coking and the increase in fiber content by volume resul-
ting from pyrolysis shrinkage of the matrix are counteractedby,
damage sympt6ms in the composite. After thermal decomposition
to 12000C, the measured composite modulus of elasticity data are
70 to 80% of the calculated values.

7.222. Bending strength

As Fig. 34 shows, the room temperature bending strength
of composites fully cured to 30000, determined in the fiber
direction, decreases to a greater extent with progressive coking
than does tensile strength (see Section 7.221). The greatest
drop in strengthioccurs in the temperature range between 300 and
6500C. After partial pyrolysis to 65000, the cohesiveness of
the composite is so highly attenuated by shrinkage cracks and
the separation of matrix from fiber (see Section 7.23) that /128
bending strength is less than 5 kp/mm 2 . Upon the completion
of cbking in the 120000 range, the bending strength values are
below 2 kp/mmL, corresponding to less than 2% utilization of the
strength of the fiber employed.

The higher tensile strength of the Thornel types of fiber
does not contribute to any improvement in the composite bending
strength values throughout the pyrolysis range. On the contrary,
the weaker VYB fiber is superior to the Thornel fibers up to a
treatment temperature of about 60000, due to better adhesion of
the matrix to the fiber.

7.223. Interlaminar bending shear strength /129

As 'Fig. 35 shows, curves similar to those for bending
strengthare obtained for the composite's interlaminar bending
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Fig. 34. Bending strength of composites I - IV as a function
of treatment temperature (determined in fiber direction at
room temperature)

shear strength. The greatest drop in strength occurs here in
the temperature range between 300 and 65000, Shear strength
drops to values below 0.6 kp/mm 2 , due to severe damage to the
composite structure (see Section 7.23). After pyrolysis at
1100 - 1200 0 C, the values are below 0.4 kp/mm 2 . Higher com-
posite shear strengths are obtained with VYB fiber than with
the Thornel types in all stages of decomposition. This fact
agrees completely with the predictions derived from the
large specific surface area of VYB fiber and a resultant good
adhesion of the matrix to this fiber.

In spite of the severe damage to their structure, the /130
composites frequently did not delaminate. While domposite II
failed to delaminate only in the highly decomposed state, this oc-
dUrred: to composites I and IV throughout the pyrolysis range,

7.224. Weight loss and shrinkage

In addition to the mechanical properties of the composites,
their weight loss and longitudinal contraction in the fiber
direction were also determined. The change in these properties,
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-referred to the fully cured
5 state, can be seen from

c Table 27, The results are
"W -plotted as ,iffunction of

Q) treatment temperature in Fig.
36. In contrast to Table

I.27, these data refer to the
3 initially cured state.

/As can be seen from the
I. measured data, the compo-

2sites continually lose weight
.: as thermal decomposition

progresses. The sharp rise
| in the weight loss curves

\"between 300 and 5500C coin-
" -cides exactly with the high

--- weight loss of the unrein-
H I. -..... ] .. forced matrices in this
0 ------. temperature range (see

250 5 5 120 Section 4.133). During the
Treatment temperature further course of pyrolysis

to 12000C, the behavior of
the pure matrix is reflected

Fig. 35. Interlaminar shear only in the weight loss
strength of composites I - IV curves of composites with the
as a function of treatment Thornel fibers. The compo-
temperature (determined in sites reinforced with VYB
fiber directiQn at room fiber experience an increased
temperature). weight loss which, as calcupa-
Delamination; - No tions show, can be caused .
delamination, only b5 recok ng of the ifber in

th 5composite. This conclusion
is also supportdd by the
finding, described in Section

7.221, that VYB fiber not imbedded in a matrix loses 17.6% of
its weight during thermal treatment to 10000C.

A consideration of the total weight lost by composites with
Thornel fibers pyrolyzed to 1200 0 C shows that the measurements
yield 4.5% lower values than calculated. Thus the imbedded carbon
fibers contribute to an increase in the carbon yield of the /13
thermoset matrix.

In contrast to the unreinforced thermoset matrices (see
Section 4.133), the fully cured composites experience only
minimal linear shrinkage in the fiber direction during thermal
decomposition, due to the low compressibility of the carbon
fibers. The greatest longitudinal contraction is to be observed
in composites with VYB fiber. Yet it is less than 0.25% through-
out the pyrolysis range. If we include curing shrinkage,
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TABLE 27. WEIGHT LOSS AND LONGITUDINAL CONTRACTION IN THE FIBER DIRECTION OF FULLY

CURED COMPOSITES I - IV DURING PYROLYSIS TO 1200 0 C (DETERMINED AT ROOM TEMPERATURE)

fcmposite Treaeht Weight oss, Longitudinal con-
j Tye 6f composite Tramh ih(,traction -in fiber

-"temperature traction in fiber

.[1 C] measure calculated drecton [%

305 0 0 0o
350 1.4 2.4 - 0.03
400 3.1 3.9 0.11

I (PH-VYB) 600 13 9 12.3 .21
900 1546 13-5 O.21
1190 19.9 15.2 - 0.38

300 0 0 0
400 1.9 1.2 - 0.01
500 11.3 4.0 0.215

U1 (EO-VYB) 600 12.7 6,3 0.22
700 - 7.3 0.22

1190 15.8 7.9 0.11

305 0 0 0
575 14.2 13.8 0

III (PH-Thornel 25) 700 14.9 1511 0.04

1120 16.3 15.7 0.02

300 0 0 0
460 8.1 5.6 072

60 15813.9 -0.01IV (PH-Thornel 50) 690 15.8 139 - OO
1130 15-1 14.7 0



we obtain values of less than 0.6%.
- The obstructed shrinkage is com-

0 pensated for, and even overcom-
pensated for, by the development
of cracks perpendicular to the
fiber (see Section 7.23), as the
composites with VYB fiber clearly

30 show above 7000 C.

o 7.23. Structure of the
pyrolyzed composites

-P
20

UAs can already be observed
wquantitatively from the strength

behavior of thermally decomposed
1composites (see Section 7.22),

pyrolysis shrinkage of the matrix
causes extensive destruction of
the composite structure, already
damaged by curing shrinkage.

0 Light and scanning electron
% microscopy studies performed on

5 pyrolysis residues provide infor-
mation regarding the overall

0.H O extent of shrinkage damage.

03 , Figs. 37 to 39 show photo-
micrographs of sections of com-0o.
posites I, II and IV after coking

0 to temperatures of 1100 - 1200C;/
1 composites reinforced with Thornel

a.r- 25 and 50 fibers (types I and IV)

are similar in appearance. The
0 shrinkage behavior of the matrix

and the surface character of the
W-- fiber largely determine the

zstructure of the thermally decom-oC

l. .L .. posed composites.
25D WDO 75D 1000 0 12

Transverse microsections of /134
Treatment temperature 'composites I and II (see Figs.37

and 38, top) indicate thatithe

Fig. 36_. Weght loss and epoxy resin matrix, in particular,
longitudinal contraction is capable of forming a coherent

in fiber direction of composite structure. The reasons

composites I - IV as for this behavior are that epoxy
functions of treatment resin experiences 6% less linear '/135
temperature (determined at shrinkage than phenolic resin in

room temperature) the unreinforced state and that
the volume shrinkage prevented in
the composite can in part 'be
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Fig. 37. Photomicrographs of a carbon-carbon composite of
type I (PH -VYB), treatment temperature 1190C00; top: cross
section; bottom: longitudinal section.

compensated for by spherical pores (see Sections 6.24). A
comparison of composites I and IV (see Figs. 37 and 39, top)
shows the effect of fiber surface area on the composite /136
structure. While the large specific surface area of VYB fiber
ensures that the monofilaments are linked together by the
thermally decomposed phenolic resin matrix, in the case of
Thornel fiber there is no firm bonding among the filaments by
the carbon matrix, due to their small specific surface area.
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Fig. 38. Photomicrographs of a carbon-carbon composite of
type II (EO-VYB), treatment temperature 11900 C; top: cross
section; bottom: longitudinal section.

Longitudinal microsections of pyrolysis residues from /137
composites I through IV, and even the unprepared surface of
the composites, show damage to the composite structure by the
cracks perpendicular to the reinforcing component. The
transverse cracks are found primarily in the fiber-free areas
of matrix bordering on the fiber bundles and exhibit a lentic-
ular configuration (see Figs. 37 and 39, bottom). Crack
formation commences even in the early stage of pyrolysis, at
temperatures of 350 to 4000C, and begins in the marginal
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Fig. 39. Photomicrographs of a carbon-carbon composite of

type IV (PH-Thornel 50), treatment temperature 11300C; top:
cross section; bottom: longitudinal section.

zones of the fiber bundles, since maximum shrinking stress

in the fiber direction occurs here because of complete wetting

of the fibers by the liquid resin matrix. Damage to the carbon

fibers by shrinking stresses can be observed only in composite

I, based on phenolic resin and VYB fiber. In the other carbon-

carbon composites, particularly in composite II, of epoxy resin
and VYB fiber, the conclusion arrived at on the basis of

tensile testing (see Section 7.221) is not supported by the
optical findings.
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A scanning electron microscope study of the pyrolysis
residues does not show the total extent of structural damage,
but does represent a supplement to thelight microscope studies.
Fig. 40 gives an impression of the surface character of the
carbon-carbon composites, with type I serving as an example. /138
The surfaces of the composites exhibit numerous shrinkage cracks
transverse and longitudinal with respect to fiber orientation
which, in conjunction with shrinkage damage within the compo-
sites, determine the poor strength characteristics of these
materials.

Fig. 40. Scanning electron micrographs of the surface of a
carbon-carbon composite, type I (PH-VYB), treatment temperature
11900C.

Figs. 41 and 42 show fracture surfaces, from tensile
testing, of composites I and II pyrolyzed to 11900 C. The
fracture behavior of such composites is quite brittle. Only
a small number of VYB fibers project from the cracked and porous
carbon matrix, based on phenolic resin or epoxy resin, respec-
tively; this indicates the monofilaments to be held
together strongly by the matrix. Brush-like tips are obtained
from composites III and IV, reinforced with Thornel fiber, since
adequate bonding does not exist between fiber and matrix.
Scanning electronmicrographs of such fracture surfaces could
not be prepared, for reasons involving preparation techniques.

7.24. Reimpregnation of thermally decomposed carbon-fiber- /140
reinforced thermosets

The effect on the strength behavior of thermally decomposed
carbon-fiber-reinforced thermosets caused by impregnation with
new polymer matrix followed by coking was studied using the
example of carbon-carbon composites based on Phenodur PR 373
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Fig. 41. Scanning electron micrographs of fracture surfaces
of composite I (PH-VYB) from tensile test, treatment temperature
11900C.

Fig. 42. Scanning electron micrographs of fracture surfaces
of composite II (EO-VYB) from tensile test, treatment temperature
11900C.

phenolic resin and Thornel fiber (composites III and IV; see

Sections 7.22 and 7.23). Composites I and II, with VYB fiber,
were not included in the studies, since the VYB fiber imbedded
in the matrix is damaged too severely by the first coking treat-
ment, as can be seen from the tensile strength data on the
pyrolysis residues (see Section 7.221).
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The carbon-carbon composites were impregnated with a 20 wt.%
phenolic resin solution in methanol under a water-aspirator
vacuum. Four impregnations of 10 min, each have proven usable.
After each impregnation step, the specimens were heat treated
for half an hounrin the drybox at 900 C in order to evaporate the
solvent and initially cure the resin. Aftet the fourth impreg-
nation step, the composites were dured at 110 0 C for 6ih and then
heated to 1130 0 C in an ultrapure nitrogen atmosphere at a heating
rate of 120 C/h. The impregnation and carbonization process was
repeated several times to achieve high composite densities.

The weight change in composites III and IV can be seen from
Table 28 and Fig. 43 as a function of the number of impregnations
and carbonizations. It is found that the porous and cracked
structure of the composites is almost completely sealed at the
surface after four impregnation steps. New routes of access to
the interior are created only by carbonization, making repeated
impregnation possible. The specimens are already sealed to
such an extent after three or four impregnation and recarboniza-
tion processes that an additional treatment cycle no longer /141
yields an appreciable gain in weight.

240

NumerofimpegatoA" ow ,.e " "s

20

'9 "

I 

IV

Number of 'pregnatios.l2 3 4  s 6 7 1 9 M a ,
Number of curings 2 3

Number of recarbonizations

Fig, 43, Weight change in resh-impregnated and recarbonized
carb on-carbon composites, type III (PH-Thornel 25) and IV (PH-
Thornel 50) (determined at room temperature), recarbonization
temperature 1130 0 C..
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TABLE 28. WEIGHT GAINS BY IMPREGNATED AND RECARBONIZED COM-
POSITES III AND IV RELATIVE TO THE UNIMPREGNATED STATE (DETER-
MINED AT ROOM TEMPERATURE)

Numer of Number ofNumber of Weight gain
'impreg-- curings recarboni- Composite

natonszatons Compo- Composite
nations zations site III IV (PH-Thornel

(PH-Thor- 50)
nel 25

o o o
1 8.3 7.1
2 12.3 7.7
3 14.1 9-0
4 14.7 10.6

1 13.7 10,0
1 7-4 5.5

5 15.9 12.5
6 18.2 12..7
7 19.2 13.4
8 21.5 13-7

2 20. 3 13.0
2 13.8 9.2

9 19.8 13.7
10 21.1 14.9
11 21.9 15.2
12 22.0 15.3

3 21.2 14.9
317,1 11.9

13 - 16.2
14 - 16.7
15 - 16.9
16 - 16.,8

4 - 16.3
4 - 14 .,0

The mechanical properties of recarbonized resin-impregnated
carbon-carbon composites are shown in Table 29 and Fig. 44. The
composites ]tensile strength and moduli of elasticity are im-
proved relatively little by their repeated impregnation and
carbonization. On the other hand, bending strength and inter- /142
laminar bending shear strength, which respond largely to the
state of fiber/matrix bonding, increase considerably.

-Fi.-45 shows scanning electron micrographs of the fracture
surface of a resin-impregnated carbon-carbon composite (type
III) from tensile testing after the third recarbonization.
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o TABLE 29. MECHANICAL PROPERTIES OF RESIN-IMPREGNATED COMPOSITES III AND IV AFTER
oc RECARBONIZATION (DETERMINED IN FIBER DIRECTION AT ROOM TEMPERATURE)

i tr Number7 of ensie 'trengthou s modulus 'Bending strength Interlaminar
rimpregnations, kP/= kp/mj [kp/mio2  bending strength
indzretars mea- cal- 'chie- mea- cal- achie- nea- al- ac ie-

b-onizations sured cula- ured ed cula- p
S-ted U - ted - N ed i[T/

Composite olj6gIII (PH I Recapbon i28,9 67 44 6940 9950 70 1.1 67 2 <0.01
I,. (PH -n- l . ecapboon, - -ZZ 5 < oo

Thornel 25) mT m 4,mpreg, 29.2 67 44 7020 9950 71 - - - .2'Reearbon.- ,
- mpreg. 2. 67 49 7710 9950 78 - - - 046
."ecarbon.' +:i-i: " Z~lmpreg.-

Recarbon. 67 4 8090 9950 8 267 6 4 0.3

empare. W. 99 41 14800 17890 83 <1.8 99 <2 0E" l ecarbon. -'' O"1

Composite 4Trmpreg.
-IV (PH- I IRecarbon. 40.4 99 41 18500 17890 O104 4,9 99 5 0-39
Thornel "Impreg. 1
50) 2Recarbon. - - - - - - 28 99 13 O.65

1• . Impreg.3Recarbon. - - - - 32,1 99 33 0.87

Impreg.- 50.2 99 51 18400 17890 103 34.4 99 35 0.83
SRecarbon,

+ Specimens did not delaminate



Imbedding of the
Thornel 25 fiber in
the carbon matrix is

- excellent. Adhesion
S60 between fiber and

kPmm~ matrix can also be
- 50 considered good, as

IV indicated by the
o ,- small number of fiber

I tips projecting from
U) ' the matrix surface.

--- Micrographs of the
I ground surface of

20 composite IV after
I 1the fourth recarboni-

IV zation (see Fig. 46)
o 4. show that the compo- /145

site structure is still
relatively porous in

C 10 the interior. This
orW ... I- condition can beI ** attributed to the fact /

51 I that the marginal zones
WaI are already sealed r

0 - ' before the cavities
within can be complethly

F filled.
• Z 20 -

s: 7.25. Attempts /146a)4- 10 -
CQ U 0 to produce crack-free

carbon-carbon composites
0 ..-.- based on thermosets

C Z imm 0. 7.251. Thermal
S0,6 - .o decomposition of poly-

.. . . acrylonitrile fiber
H '[ . 1-2.0 reinf6orced thermosets.
Q03 -- delamination

4 - ) ----no delamination If we consider
H_"-that carbon fibers are

0 2 I produced by the thermal
2 3 decomposition of synthe-

Number of recarbonizations tic organic fibers, it
. .. . ... appears feasible to

use polymer-fiber-
Fig. 44. Mechanical properties reinforced thermosets
of recarbonized resin-impregnated as starting material
carbon-carbon composites, type for carbon-carbon com-
IT f(PH-Thornel 25) and IV (PH- posites. Since polymer

Thornel 50) (determined in fiber fibers are likewise
direction at room temperature, subject to shrinkage
recarbonization temperature during carbonization,
1130 0 C.
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Fig. 45. Scanning electron micrographs of fracture surfaces
of composite III (PH-Thornel 25) from tensile test after three
impregnations and recarbonizations, recarbonization temperature
1130 0C.

200 p0

Fig. 46. Scanning electron micrographs of composite IV (PH-
Thornel 50) after four impregnations and recarbonizations,
recarbonization temperature 11300C; cross section.

tREPRODUCIBILITY OF THE

110 QRIGINAL PAGE IS POOR



it appears feasible to coke polymeric composites without cracking.
Cocoking of the reinforcing material is \only usable, however,
if its fiber character is not impaired and the decomposed fiber
still possesses sufficiently high strength.

Highly stretchedpolyacrylonitrile __(PAN) fibers, trademarked

Dralon T, produced by Bayer, Dormagen, which are also employed
as starting material for the production of carbon fibers [96],
were used for the cocoking expetiments. The PAN fibers (see
Table 30) were supplied in the form of endless yarn consisting
of 384 individual fibers.

TABLE 30. PROPERTIES OF PAN FIBER (Dralon T)

STensile'strength [kp/m 2] 45

Modulus of elasticity [kp/ m 800

Diameter 16.5

-Density [g/cm3] 1.17

Melting point [0c] 320 : 5 (97)

Preliminary experiments indicated that the fiber structure
of the uncrosslinked PAN fibers is lost to a large extent during
thermal decomposition in a matrix of furfuryl alcohol / formal-
dehyde resin (see Fig. 47). The volatile dissociation products /147
of the resin matrix do not make complete crosslihking of the
fibers possible. The uncrosslinked fiber areas fuse and are
subject to liquid-phase pyrolysis, leaving cavities behind.
PAN fibers which have previously been crosslinked in air for
long periods (15 days) at 2001C retain their fiber character
during cocoking,however (see Fig. 48). The crosslinkedfibers no
longer possess appreciable strength, however, as qualitative
studies made evident. Parallel experiments with Phenodur PR 373
phenolic resin indicated that the PAN fibers do hot have to be
previously crosslinked in this case. The dissociation products
from the phenolic resin matrix ensure adequate crosslinking of
the fibers, so fiber structure is not impaired by thermal decom-
position.

Once the conditions under which the fiber character of the
PAN fibers is retained could be determined in preliminary
experiments, a quantitative studywas mde as to how cocoking of /148
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Fig. 47. Photomicrbgraphs of a composite of furfuryl alcohol /
formaldehyde resin and uncrosslinked PAN fiber; left: after
curing at 120 0 C; right: after carbonization to 1000'C.

the reinforcing material
affects the composite.
Unidirectionally reinforced
composites based on Pheno-
dur PR 373 phenolic resin
and uncrosslinked PAN fiber
were prepared for this
purpose by the wet winding
method (see Table 31),
and their properties in
various stages of curing

fi and pyrolysis were studied.
The measured data are
summarized in Table 32 and
plotted in Figs. 49 and 50Fig. 48. Photomicrograph of a

Fig. as functions of treatment
carbon-carbon composite of temperature.
furfuryl alcohol / formaldehyde
resin and crosslinked PAN fiber, It can be seen from the
treatment temperature 1200 0 C.

mechanical properties of
the cured and pyrolyzed com-
posites that the uncrosslinked

PAN fiber contributes to a reinforcement and stiffening of the

phenolic resin matrix only up to a treatment temperature of about
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,__5_ _ 250 0C. The fiber has com;1
1m pletely lost its initial

./--m strength by the end of curing

O -at 300 0 C. After the loss of
aPAN fiber strength, the

Scomposite exhibits strength
, 5behavior similar to that of

EQ reinforced polymer matrix
o throughout the entire pyrolysis

0 oI I range, if we take the non-
load-bearing fiber cross section

10 wea and a certain degree of damage

0.6 to the composite structure
into consideration. For
reasons involving measureient

- technique, composite modulus
of elasticity could no'longer /149

o be determined beyond_ 400C.
__________ Thus it is impossible to make a

P 2O' Acomparison with matrix con-
t # ' - la1.ination, taining no fibers in the

SNo, delamination temperature range between
. 400 and 1200 0 C.

p.0
Bending shear strength

0 has a curve similar to the
tensile strength of the com-

0 o .o..----- a- .posites. No delamination
5 S 750 1000 OC 120 occurred in any specimen;

this corresponds directly to
Teatment temperature the poor fiber strength.

Weight loss increased by
6 to 7% relative to that of

Fig. 49. Mechanical pro- the pure matrix after thermal
perties of a Phenodur PR treatment to lti 0C due-to

373 phenolic resin laminate cocoking of the-PAN fiber.

reinforced with uncrosslinked cocokLinear shrinkage (in fiber
PAN iber asa fuctio ofLinear shrinkage (in fiber

PAN fibers as a function of direction) is reduced by 5 to
treatment temperature (deter- 6%, on the other hand.
mined in fiber direction at
room temperature) Fig. 51 shows scanning /151

electron micrographs of
fracture surfaces of the

composites from tensile testing before and after their thermal
decomposition. Imbedding of the fiber in the matrix is
excellent in both cases. Unexpectedly, however, the pyrolyzed
composites exhibit cracks in the fiber direction. This fact
indicates that the volatile dissociation products of the PAN
fibers cannot diffuse outward through the matrix rapidly enough./152
Stresses build up which result in crack formation within the
composites.
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TABLE 31. DATA ON THE PREPARATION OF UNIDIRECTIONALLY REIN-
FORCED COMPOSITES BASED ON PHENODUR PR 373 PHENOLIC RESIN AND

UNCROSSLINKED PAN FIBER

.Fer-tension [p] 400

Fiber advance per
winding core turn [mam] 0.50

Number of winding
lavers ..

20 h at 700 C

Curing 2 h at 100oC, Pressure :0.03 kp/cn

conditions 25 h at 100 0 )Pressure 4.3 p/c
SO h at 110oC) Pressure: 4 . 3 kp/c,
110 - 300C Heating rate:

12 0 C/h in
U2 &tmosphere

Composite thickness
'(af.ter curing at [ 180

1100C)

Fiber content by volume 423
'(after curing at 110 3 I

7.252. Coking carbon-fiber-reinforced thermosets with
fillers

An attempt was made to prevent the destructive effects of
matrix shrinkage during the thermal decompositiunoof carbon-
fiber-reinforced thermosets by incorporating both infusible
fillers and fillers fusible within theiitLbmperature range of /154
interest into the thermoset matrices.

Natural graphite (Kr1opffl-,lfTinely powdred graphift-Ywas used for-
the nonfusing leaning material, since the shrinkage of thermosets
can be influenced to within wide limits by the addition of this
filler [34].

In a preliminary experiment, a unidirectionally reinforced
carbon-fiber-laminate based on furfuryl alcohol / formaldehyde
resin, graphite powder and VYB fiber (filler content was 17 wt.%
in the liquid resin) was pyrolyzed to 1200 0 C and then studied by
light microscopy. Fig. 52 shows micrographs of the laminate
before and after coking. The flakes of natural graphite occur
only in the matrix between the cords of fiber, not within the
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TABLE 32. PROPERTIES OF UNIDIRECTIONALLY REINFORCED COMPOSITES BASED ON PHENODUR PR
373 PHENOLIC RESIN AND UNCROSSLINKED PAN FIBER AS FUNCTIONS OF TREATMENT TEMPERATURE

(DETERMINED IN FIBER DIRECTION AT ROOM TEMPERATURE)

i'-"Tr eatme-nt Thn"l ej °ngi

Treatment Tensile - Young ' s Interlaminar Weight loss Linear
strength modulus bendirg shear shrinkage

strength 
2[-Eoc] [kp/m "  [kp/mm2 ]  [kp/mm j j2

110 12.3 510 1.22 0 0

210 12.8 555 1.82+  3.6 5,6

260 6.5 605 9S 9.b

300 4.1 610 O 58+  13.8 10.0

400 1.3 455 0.09 .. -9.

600 0.4 - < 0.01 46,4 17.3

865 2.2 0,02 50.8 20,0

1100 2.1 o0.03 54.8 21.0

+ Specimens did not delaminate



- fiber Bundles. The reasons
% for this are the relatively

E | large grain size of the
0. graphite powder, on the one

hand, and, on the other,
0 . the method by which the

0 /laminate was prepared.
' Since the reinforcing com-

o ponent is wound on the core
under pretension in the
winding method used, the

o .monofilament in the individual
0 fiber cords lie close to

H one.another. Although the
0 liquid matrix material can

,.-- penetrate into the densely
0 packed fiber bundle, the

9 graphite particles are
0 4 kept back. The structure of

250 Sa 7t t O 0 *C 120 the thermally decomposed

e laminate, damaged by cracks,
reatment temperature indicates that the extent of

Fig. 50. Weight loss and shrinkage damage obtained
longitudinal contraction in with carbon-carbon composites
fiber direction of a Phenodur without filler (see Section
f ibe r direction of a Phenoduresin 7.23) cannot be visibly
PR 373 phenolic resin reduced by the addition of
laminate reinforced with graphite flakes. Since theuncrosslinked PAN fibers graphite flakes. Since the
uncrosslinked PAN fibers imbedding of solid fillers(determined at room tempera- in fiber-reinforced thermo-ture)in fiber-reinforced thermo-

ture) set matrices does not promise

a satisfactory solution to
the shrinkage problem, studies

in this direction were not pursued further.

Preliminary experiments with a fusible filler were more
successful. A finely ground alkali glass with a melting point
of about 550 0 C was used. Composites of furfuryl alcohol /
formaldehyde resin (45 wt.%), glass powder (30 wt.%) and 2 to 3
cmblong VYB carbon fibers (25 wt.%) did exhibit occasional /156
cracks and bubbles at the surface after heat treatment to 1200 0 C.
In the interior, however, the composites were largely free of
cracks and pores (seeeFig. 53). During heat treatment, the
molten glass filled the pores and cracks which were present and
prevented the formation of new defects, so the heat-treated
composites possess a compact structure at room temperature. To
be sure, the glas- serving as filler has the great disadvantage
that when fused at even higher temperatures, it attacks the un-
protected fibers chemically, thereby reducing their strength.

On the basis of the satisfactory results yielded by the
preliminary experiments with low-melting glass powder, studies
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Fig. 51. Scanning electron micrographs of fracture surfaces

of a Phenodur PR 373 phenolic resin laminate reinforced with

uncrosslinked PAN fibers, from tensile test; top: after initial

curing at 1101C; bottom: after coking to 11000C.

were now performed with pitch as the fusible filler component.
Results obtained by MacKay [15] are already available concerning
the use of an epoxy resin modified with pitch as a matrix /157
precursor for carbon-carbon composites (see Section 7.1).

In the present work, a soft pitch (see Table 33) was used
which is particularly compatible with Phenodur PR 373 phenolic
resin. The phenolic resin was modified with soft pitch with
the aid of solvent, a 60 wt.% resin solution in n-butanol being
mixed with a 25 wt.% solution of soft pitch in benzene. After

* PRODUQIBILITY OF THE
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Fig. 52. Photomicrographs of a laminate of furfuryl alcohol /
formaldehyde resin, graphite powder and VYB carbon fiber; top:

after curing at 13 0
0C; bottom: after thermal decomposition to

1190 0 C.

the removal of 50 wt.% solvent, a mixed solution was obtained

which was still quite castable at room temperature. The soft

pitch content of the modified phenolic resin was 25 wt.% in

the solvent-free state. O D U C I B I L I TY OF THE

118 ORIGINAL PAGE IS POO1
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Fig, 53. Photomicrographs of a composite of furfuryl alcohol /
formaldehyde resin, glass powder and VYB carbon fiber; left:
after curing at 190oC; right: after heat treatment to 119000
(polarized light)

TABLE 33. PROPERTIES OF THE SOFT PITCH

Softening point (from
Kraemer-Sarnow) 0c] 55

E-coke yield (Electro-
kemisk process) 46

Insoluble in quinoline [i4

Insoluble in pyridine 0] lo

Insoluble in tuolene [] 23

In order to quantitatively determine the effect of the
soft pitch component on the composite, unidirectionally rein-
forced composites based on Phenodur PR 373 phenolic resin, EP
55 soft pitch and VYB fiber were prepared by the wet winding
method (see Table 34) and their properties studied in various
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,curing and pyrolysis stagds. VYB fiber was chosen for these
studies because the greatest shrinkage occurred in composites
with VYB fiber and ths a particularly effect was expected.
The results are shown in Table 35 and plotted in Figs. 54 and
55 as a function of treatment temperature.

TABLE 34. DATA ON THE PREPARATION OF UNIDIRECTIONALLY REINFORCED
COMPOSITES BASED ON PHENODUR PR 373 PHENOLIC RESIN, EP 55 SOFT

" . )PITCH AND VYB FIBER

Fiber tension. P] 250

Fiber advance per
winding core turn [mm] 1.00

Number of winding
layers 4

Curing 15 h at 70oC
conditions 2,5 h at 80°Sc Pressure :0,3 kp/cm2

2S h at 800 C) Pressure 22,9 kp/ w
65 h at 100 C)

20 h a t - 110oC

110 - 3009C Heating rate,:
12 0 C/h in
N2 atmosphere

Composite thickness
(after curing at ;:imm] .1 20

1100C)
Fiber content by volue
(after curing at L 564

110 0C)

A comparison ,6f the results with the properties of compo- /158
sites based on Phenodur PR 373 phenolic resin and VYB fiber
(composite I; see Section 6.23 and 7.22) shows that the soft
pitch has produced no improvement. On the contrary, interlaminar
bending shear strength is considerably impaired by the addition
of pitch to about 600 0 C. In addition, the composites now=de-
laminate to about 700 0 C. Due to the poor adhesion between fiber
and matrix, lower values are also obtained for bending strength
to about 500 0C. The weight loss curve is higher in the curing
range and early pyrolysis stage, but largely coincides with the
weight loss curves of composites without added pitch above 500 0 C.

Scanning electron micrographs of fracture surfaces on the
cured and carbonized composites from tensile tests (see Fig.
56) provide information about their structtre. The vitreous /161
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TABLE 35. PROPERTIES OF UNIDIRECTIONALLY REINFORCED COMPOSITES BASED ON PRENODUR PR 373
PHENOLIC RESIN, EP 55 SOFT PITCH AND VYB FIBER, AS A FUNCTION OF TREATMENT TEMPERATURE

(DETERMINED IN FIBER DIRECTIONAAT ROOM TEMPERATURE)

Tensile Young's Bending Interlaminar Weight Longitudinal
temperatur strength modulus strength bending shear loss contraction
,t emp etustrengh

T 'C] [kp/m 2] [kp/m 2]  [kp/mm'2 ] [kp/m ] [,] [_ ]

110 37-8 2140 25,6 1.08 0 0

225 38 -1 2240 24.0 0.96 10.8 0 10

300 32.8 2100 - 0.55 11.3 0.15

480 28.4 2160 - 0,27 20.1 0.35

600 21.1 2200 11.0 0.2S 21,0 0.31

700 12-5 2520 3.9 - 23.0 0.31

865 6.2 2770 2.2 0.36+  22.5 0.39

110i0 4,0 2810 ( 0.9 0:21 27.5 0,21

,Secimens did not delaminate



structure of the phenolic
resin (see Section 6.24,
Figs. 20 - 23) is lost

:40 because of the addition
W &m; \ of pitch. The resin/pitch

1 matrix, when initially
F cured to 1100C, exhibits

C a granular fracture
20 behavior and adheres

. poorly to the VYB fiber
0 as shown by the loose

0 - grouping of fiber at the
-- fracture end. After

0 I carbonization, the compo-
.... o - o- sites exhibit the same
/structure as the carbon-

26- carbon composites without
So-) added pitch (see Section

7.23, Fig. 41). The
2,3 extent of shrinkage damage

,A can be described as equi-
0 1 A valent in the two types

I I of composites, explaining
,* their similarity inI strength behavior. Addi-

a)- tional attempts to plas-
ticize the thermosets in

1the critical pyrolysis
10 - range were therefore not

undertaken. Reference
has already been made

0 I several times to the
4 , -*o successful use of resin-

- -- Delamination free pitch matrices in
..-- No delamination concurrent work at the

F q6 - Institute [26].

Y...o... 7.253. Pyrolysis of /162
S0,3 - carbon-fiber-reinforced

0 thermosets under mechanical
250 5( 750 1000 -C pressure

Treatment >temperature,Te-tmenttemperature The thermal decompo-

sition of carbon-fiber-
reinforced thermosets under

'Fig, 54. Mechanical properties of mechanical pressure offers
a laminate of Phenodur PR 373 another possibility for
phenolic resin, EP 55 soft pitch preventing the composite
and VYB carbon fiber as a function damage caused by matrix
of treatment temperature (determined shrinkage. This method
in fiber direction at room appears promising in that /163
temperature). the thermosets are .
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plastically deformable to
about 550 0 C (see Section
4.135) and have already
undergone more than half

30 of their total shrinkage
% in this pyrolysis stage.

0

o 0In preliminary experi-
4- |ments, 1 cm long carbon

0- fibers of the WYB type,
|impregnated with furfuryl
alcohol / formaldehyde

S, resin, were pressed into
tablet-shaped pieces with

%| o |a diameter of 20 mm and
03- a thickness of 3 mm. The

0,. resin content of the
q_| composites was intentionally

0.2 - made high -- 80 wt.% --
in order to avoid the

4-3. danger of the fiber's
" |4-) coming in contact with

L one another as the matrix
2SO0 500 1000 C 1250 flows away perpendicular

to the pressing direction
Treatment temperature under pressure as the

result of its plasticity.
The specimens, cured to

Fig. 55. Weight loss and 13000, were then heated
longitudinal contraction in to 60000 at 12°C/h under
fiber direction 'of a laminate high mechanical pressure
of Phenodur PR 373 phenolic (30 kp/mmz) in a heatable
resin, EP 55 soft pitch and cylindrical nold of Nimo-
VYB carbon fiber (determined nic 90 with a bore dia-
at room temperature). meter of 20 mm. Micrographs

of the polished surface of
the pressure-coked composites

(see Fig. 57) show that although the ±aterial is highly compacted
under the molding pressure, cr'ack formation perpendicular to /164
the direction of pressing eannot be suppressed. 7Because of the
unpromising results of the preliminary experiments, further
studies in this direction were not pursued.

7.254. Thermal decomposition of thermosets With thermally
aftertreated :carbon fibers

The necessity of subjecting carbon fibers heat treated at
low temperatures, such as VYB fiber,to thermal aftertreatment
before they are used to producedcarbon-carbon domposites has
already been reported on in the literature [23]. The purpose
of this measure is to reduce the weight loss and shrinkage of
the composites during pyrolysis.
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- l

Fig. 56. Scanning electron micrographs of fracture surfaces of
a laminate based on PR 373 phenolic resin, EP 55 soft pitch and
VYB carbon fibers, from tensile test; top: after initial curing
at 110oC; bottom: after thermal decomposition to 1100 0 C.

The effect of the thermal aftertreatment of carbon fibers
on the strength properties of carbon-carbon composites was
studied using the Phenodur PR 373 phenolic resin / VYB fiber
composite system.

The fiber was recoked to 115000 in ultrapure nitrogen at
12°C/h. During the heat treatment, the fiber loses 18.9% of
its weight; its density increases from 1.53 to 1,64 g/cm 3 .

The composites with recoked VYB fiber were prepared and
cured under the same conditions as for the composite material
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Fig. 57. Photomicrographs of a pressure-coked composite of
furfuryl alcohol / formaldehyde resin and WYB carbon fiber,
treatment temperature 60000, pressure 30 kp/mm 2 .

with untreated fiber (see Section 6.22). Pyrolysis conditions

(heating rate 120C/h, ultrapure nitrogen atmosphere) were
likewise the same. The properties of the cured and pyrolyzed
composites are compiled in Table 36. Characteristic values for

the composite with VYB fiber not thermally aftertreated are

included for comparison.

It can be seen from the tensile strength and modulus of /166

elasticity data on the two composites in the curing stage that

the mechanical properties of VYB fiber are improved somewhat
by thermal aftertreatment. Adhesion between matrix and fiber

is considerably impaired, on the other hand, as the shear
strengths show. The cause of the impairment of adhesion can

be assumed to be that the heat treatment and the associated
high fiber weight loss destroy adhesive centers on the fiber

surface and reduce the surface roughness of the fiber (see

Table 3, Section 3.21).

The strength properties (tensile and bending strength) of

the pyrolyzed composites indicate that the recoked fiber is

damaged less severely by pyrolysis shrinkage of the matrix. Due

to reduced adhesion in the curing stage, impairment of free

matrix shrinkage along the fiber commences during an advanced
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TABLE 36. PROPERTIES OF CURED AND PYROLYZED COMPOSITES BASED ON PHENODUR PR 373
PHENOLIC RESIN REINFORCED WITH THERMALLY AFTERTREATED VYB FIBER + (DETERMINED IN FIBER

DIRECTION AT ROOM TEMPERATURE)

Fiber--- - F-iber not Fiber Fiber not
aftertreate aftertreated aftertreated aftertreated

Treatmen Uperature [oc] 210 205 1100 1190

Fiber content by voluie [%] 42.9 47.5 44.6 50.7

Tensile strength [kp/m 2]  42.0 39.8 12.0 5.9

Young's modulus [kp/mm 2105 1920 2830 2910

Bending strength £kP/=2J 29.9 29-8 4.6 < 0.7

Interlaminar bending ++ ++ ++
,,shear strength P/m)] 3-39 4-62 0.59 0.35

Weight loss [1] 2.7 3-4 21.8 27.3

Longitudinal [] 006 0 -14
'contraction

+ ,The fiber was thermally aftertreated to 11500 C under ultrapure nitrogen at 120C/h.

++ 50% of specimens did not delaminate

+++ 100% of specimens did not delarhinate



stage of pyrolysis, so the reinforcing component is not sub-
jected to such high mechanical stresses up to the end of _j

pyrolysis at 1100 0 C. _..

The above measure is of subordinate interest from an
economic standpoint, since we can employ fibers of low specific
surface area directly. The results of this study do provide
a contribution to the confirmation of earlier assumptions
regarding relationships between adhesion and fiber damage,
however.

7.3. Pyrolysis of carbon-fiber-reinforced polyimides

7.31. Properties of the thermally decomposed composites

Carbon-fiber-reinforced polyimides, like the carbon-fiber
reinforced thermosets, were thermally decomposed at a heating
rate of 120 C/h in ultrapure nitr6gen. The strength properties,
weight losses and longitudinal contractions of the pyrolyzed /167
composites are shown in Table 37.

It can be seen from the results of the strength measure-
ments that Kerimid 601 polyimide is not suitable as a matrix
for solid carbon-carbon composites. The pyrolysis shrinkage
of this polymer matrix causes extensive destruction of the
fiber-reinforced composite. The strength and fracture behavior
of Kerimid 601 / Thornel 50 fiber composite decomposed thermally
to 1030 0 C is almost identical to that of the carbon-carbon
composite based on Phenodur PR 373 and Thornel 50 fiber (see
Section 7.22 and 7.23).

The preliminary decomposition experiments with composites
based on P 13 N polyimide resin and Thornel 50 fiber, limitdd
to measurement of the interlaminar bending shear strength of
pyrolysis residues, likewise yield no satisfactory results. The
shear strength of the composites pyrolyzed to 10500C, 0.45 to
0.65 kp/mm 2 , is not appreciably higher than the 0.40 kp/mm 2

value for the carbon-earbon composite based on Kerimid 601
polyimide resin and Thornel 50 fiber.

In contrast to these two types of polyirides and the
thermosets studied, QX-13 polyimide resin proves to be particularly
suitable as a binder for carbon-carbon composites. The pyrolyzed
composites based on QX-13 and Thornel 50 fiber exhibit high
bending strength and interlaminar shear strength, indicating 9ood
fiber/mat rix bondiig. Their Pending strength, 23 to 32 kp/mm ,
is also achl.&ved with Phenodur PR 373 phenolic resin as the
matrix precursor, but only after several impregnations and
recarbonizations of the composite (see Section 7.24). The
interlaminar shear strengths of 1.4 to 2.5 kp/mm 2 cannot be
achieved with the impregnation method, however.
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H TABLE 37. PROPERTIES OF THERMALLY DECOMPOSED CARBON-FIBER-REINFORCED POLYIMIDES
\-CDETERMINED IN FIBER DIRECTION AT ROOM TEMPERATURE)

o

l7T T BnngStrength Inter- We 7h-tniu

Re-s-in-. Pyro- Fiber Tensile strength Youngt's modulus. Be ng -gth Inter-Wght Longitu-
:ffer -lysis con- [kp/mm] 10- [kp/nm 2 ] [kp/mmu lamina lossi dinal

bend, contrac,system temp- tent nea- Ical- achie-nea- cal ce- 1ea cal- adiie- shear contrac-
era~ by sured cula- v[e sure cla ] sure cula7 v] strengt1 tion

tl~ vth ted±+ ted ted+

KLRIMID 601/
Thornel 5o 1030 42-6 33.8 85 40 12.0 14.9 81 0.79 85 0.40 26.7 O

120.0 . .. .- - - . 0.47 + , i -
_ ++. .. . . .......... 7 050J 10. -4-7

IAN/Thor- 24-8 - - - - - - - - - 0-51 -

1050 27-6 . . . . - - - - - 65 - -
nl50 0.2++

34.8 . . .. - - - - - 0.62 - -

QX-13/Thor- 1000 42.6 34.1 85 40 15,5 14.9 104 32.0 85s 38 2.48 26,5 -0.01

nel 0 1100sb 57-8 46.1 116 40 14-8 20.2 73 23.5 116 20 1.41 24.1 0

+ Matrix component was neglected

++ 100% of specimens did not delaminate
... 50% of specimens did not delaminate



Fiber damage due to matrix shfiikage during pyrolysis can
also be detected in the case of QX-13 polyimide resin. Thermal /169
decomposition reduces the measured tensile strength of com-
posites of low fiber content (30 vol.%) cured at 300 0 C from
62 to 40% of the calculated value and that of composites of
high fiber content (46 vol.%) from 74 to 40%, too. The calculated
modulus of elasticity is achieved 104% by the low-fiber compo-
site, as opposed to an earlier 95%, and 73% by the high-fiber
composite, as opposed to an earlier 93%. In the case of bending
strength, the strength of the fiber used is utilized 38 and 20%,
as opposed to 35 and 43% in the fully cured state. Thus the
higher fiber content contributes to more severe damage to the
structural integrity of the carbon=carbon composites.

7.32. Structure of thermally decomposed composites

Photomicrographs of ground surfaces and scanning electron
micrographs of fracture surfaces of the carbon-carbon composite
based on QX-13 polyimide and Thornel 50 fiber (see Figs. 58 and
59) provide imformation which agrees with results of the strength
studies. In contrast to,)earlier thermally decomposed polymers
reinforced with Thornel 50 fibers, this compesite possesses a
relatively compact structure. Bonding of the fibers is good,
and the short fiber tips projecting from the fracture surfaces
indicate gpod adhesion between matrix and fiber. The matrix
shrinkage prevented in the longitudinal direction of the fibers
by the good adhesion is compensated for by the formation of
cracks perpendicular to the fibers.

Both the strength properties and the structure of this
carbon-carbon composite show the superiority of QX-13 polyimide
resin over the polymer matrices studied earlier as a matrix
precursor. A consideration of the shrinkage behavior and plastic/170
deformability of the matrix materials during thermal decomposition
contributes to an understanding of this situation.

As the measurements in Section 4.133 show, the longitudinal /171
shrinkage of molded thermosets after thermal decomposition to
1100 0 C falls between 21 and 27%, depending ipon the type of
resin; thatfof molded QX-13 specimens is about 17% (see Section
4.222). Ball impression diameter is between 0 and 0.75 mm for
thermosets pretreated to 515 0C (see Section 4.135); that for
QX-13 polyimide after pretreatment to 550'C is 0.96 mm (surface
load 1.33 kp/mm 2 ), as shown by a preliminary study.

These two properties of the polyimide resin, both the low
pyrolysis shitnkage and the high plasticity in the advanced de-
composition stage, allow the preparation of relatively strong
carbon-carbon composites.
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Fig. 58. Photomicrographs of a carbon-carbon composite based
on QX-13 polyimide and Thornel 50 fibers, treatment temperature
1000 0 C, fiber content 42.6 vol. %; top: cross section; bottom:
longitudinal section.

8. Summary of results /172

As set forth in the introduction, carbon-fiber-reinforced
composites with polymeric matrix materials were developed in
this work for the highest possible utilization temperatures.
Of the potential approaches for solving this task, emphasis was
placed on studying not only the chemical modification of con-
ventional laminating resins (epoxy resins) and the use
of new high-temperature-resistant polymers but also the thermal
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Fig. 59. Scanning electron micrographs of the fracture surface
of a carbon-carbon composite based on QX-13 polyimide and
Thornel 50 fiber, from tensile test, treatment temperature 10000 C,
fiber content 42.6 vol. %.

aftertreatment of polymers, from curing to complete thermal
decomposition to pure carbon.

The experimental study was broken down into two parts.
The first part covered curing and the thermal decomposition of
unreinforced polymer matrices and a study of their physical
properties. The second part covered the preparation and testing
of unidirectionally fiber-reinforced composites and their
thermal decomposition to produce carbon-fiber-reinforced specimens
of pure carbon.

Part I: Matrix materials

A conventional phenolic resol (Phenodur PR 373) and a
furfuryl alcohol / formaldehyde (developed at this Institute;
cf. [34]) were used as matrix materials; it was already known
that they aan be cured without cracks and pores and decomposed
thermally to produce vitreous carbon. In addition, a special
epoxy resin was developed which was based on a mixture of two
conventional epoxy resins (Epikote 828 and Epikote 1031) and
contained considerable amounts of pyromellitic dianhydride as
a hardener and secondary component. New high-temperature-
resistant polyimides were also incorporated into this study --
three commercially available types: P 13 N (Ciba-Geigy),
QX-13 (ICI) and Kerimid 601 (Rhine-Poulenc).

With the exception of Kerimid 601 polyimide resin, all
of the resins used proved to be suitable as precursors for /173
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compact specimens of vitreous carbon. The weight loss of resin
specimens decomposed in inert gas was between 44 (QX-13) and
63 wt. % (Kerimid 601). Longitudinal contraction during thermal
decomposition to carbon was between 17% (QX-13) and 27% (Kerimid
601 and phenolic resin).

Thermogravimetric analysis has confirmed the superior
thermal stability of the polyimides (with the exception of
Kerimid 601) with thspect to the thermosets. The latter break
down just above 200 to 250 0 C, whereas P 13 N and QX-13 polyimides
only show siggs of decomposing above 400 to 4500 C in inert gas.

Phenolic resin was used as an example to show that pyrolysis
shrinkage is completely isotropic and independent of the geomk
etry/ of the specimens. In addition, it was pessible to demon-
strate for the first time that the highly crosslinked thermosets
are plastically deformable to a limited degree up a pyrolysis
temperature of about 5000C. In the example of furfuryl alcohol /
formaldehyde precursor, it was thus possible to convert the iso-
tropic shrinkage of the pyrolysis specimen -- through the appli-
cation of mechanical pressure during pyrolysis -- into a uni-
dimensional shrinkage in the direction of the applied pressure
while maintaining shape transverse to the pressure. In addition,
the tensile strengths and moduli of elasticity of the thermosets
were determined at various stages of curing and pyrolysis.
Crosslinking curing is accompanied by_a rise in tensioe strength.
Maximum tensile strengths of 7 kp/inmm nare achieved for molded
specimens of unreinforced epoxy resin and furfuryl alcohol / for-
maldehyde resin after curing to about 2000 C. Tentile strengths
of 11 kp/mm 2 were achieved for molded specimens of phenolic resin
after curing to 300 0 C.

It was possible to show that if the treatment temperature
is raised beyond the optimum curing temperatures, room temperature
tensile strengthsdrops to minima of about 3 to 4 kp/mm 2 after
final temperatures of 500C00; if the temperature is increased
further, however, it increases again and reache§ values between
10 and 12 kp/mm 2 after carbonization at 11000 C. /174

The modulus of elasticity shows a dependence upon treatment
temperaturei similar to that of tensile strength. Moduli of
elasticity of 300 to 500 kp/mm 2 correspond to the maximum strengths
of 7 to 11 kp/mm 2 . The modulus of elasticity is increased to
about 3000 kp/mm 2 by carbonization to 12000C. A pronounced
minimum in the modulus of elasticity was not observed in the
early pyrolysis stage (final temperature 500C00).

Part II: Composites

The polymers studied in the first part were reinforced
uhidirectionally with endless. carbon fibers made from rayon pre-
cursor. A nongraphitized fiber of high specific surface area
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(VYB) and two stretch-graphitized fibers of low specific surface
but very good mechanical properties (Thornel 25 and 50) were
chosen as reinforcing components. All fibers were used without
spe6iA surface treatment to increase interlaminar shear strength,
so as to avoid effects which could not be checked during thermal
decomposition.

Part IIa: Composites with polymer matrix

All fiber types were not treated with all polymers coming
under consideration as matrix material, however; rather, only
typical combinations were studied. The selected combinations
of individual fiber types with the various matrix polymers were
based on the availability or new development of different materials
during this several-year study and on results obtained in the
meantime. Thus VYB fiber was combined with epoxy resin and with
phenolic resin/, and Thornel 25 only with phenolic resin. The
improved stretched-graphitized Thornel 50 fiber was used for
reinforcement for both the phenolic resin and the two polyimides
Kerimid 601 and QX-13 which had become commercially available.

The unidirectionally reinforced composites were generally- /175
prepared by the wet winding method, followed by pressure curing.
This process could not be applied in the case of P 13 N and
QX-13 polyimides; these matrices were therefore reinforced by
pressing thermally pretreated resin-impregnated fibers (yarns
consisting of 1440 monofilaments each). The composites were
fully cured uniformly to maximum temperatures of 300 0 C for the
sake of greater comparability.

Tensile strength, Young's modulus and bending strength were
used to characterize the mechanicAl properties of the carbon-
fiber-reinforced polymer composites, and interlaminar shear
strength (short beam test) was used as a measure of adhesion
between matrix and fiber.

The results are discussed in terms of the effect of the
various fiber types on adhesion to the polymer matrices, in
terms of the effect of curing temperatures, and in terms of
utilization of the fiber reinforcing component in the polymers
with respect to the strength of molded specimens.

It was found that the composites with a matrix of phenolic
resin, epoxy resin or Kerimid 601 polyimide experience a reduc-
tion in strength even during full curing and, to a greater degree,
during hot aging. On the other hand, composites made of QX-13
polyimide with Thornel 50 fibers proved to be considerably more
resistant to heat.

The effect of the various fibers on the strength properties
of composites can be summarized as follows: Throughout the entire
curing range, composites with Thornel 25 and Thornel 50 fibers
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do yield the highest absolute values for tensile strength,
Young's modulus and bending strengths, but the lowest values
for interlaminar shear strength. Good utilization of the
strength properties provided by the fibers occurs only in the
case of tensile strength and Young's modulus. In the case
of bending strength, which is enhanced by adhesion betweem /176
matrix and fiber, poor utilization of fiber strength occurs as
the result of inadequate adhesion.

Better adhesion between fiber and matrix was observed for
composites with VYB fibers, i.e., the re±iforcing component with
the greatest specific surface area. This is manifested in the
highest interlaminar shear strength values and in better utiliza-
tion of fiber properties in the bending strength of the compo-
sites.

The measured shear strength values and their comparison
with literature data show that equivalent and sometimes even
better shear strength can be abhieved with phenolic resin than
with epoxy resin, although the latter exhibits the better wetting
prior to full curing, as was determined by contact angle
measurements. It is concluded from this that in the case of
surface-treated fibers with phenolic resin, too, shear strengths
can be abchieved which are just about as good as those already
known for epox_ y resins (10 to 12 kp/mm 2 ).

Part IIb: Composites with thermally decomposed matrix

It could already be seen from studying the pyrolysis
behavior of unreinforced polymers that the major problem in
preparing carbon-fiber-reinforced carbon composites by the
thermal decomposition of fiber-reinforced polymers would come
from pyrolysis shrinkage. The interactions between fiber and
matrix caused by matrix shrinkage were therefore studied with
model composites of particularly low fiber content with the
aid of scanning electron microscopy. These studies were performed
with all three fiber types (VYB, Thornel 25 and Thornel 50),in
combination with phenolic resin aa, the matrix precursor.

It was possible to show that the good adhesion between
fiber and matrix, as is absolutely necessary for high inter-
laminar shear strength of fiber-reinforced polymers, has /177
particularly damaging effects in thermal decomposition of the
composites. Primary adhesion impairs free matrix shrinkage in
the fiber direction during pyrolysis, causing damage to the
composites. Damage is limited here not just to the matrix com-
ponent but also extends to the reinforcing fiber.

This qualitative finding was supported by systematic strength
measurements performed on composites. It is found that the
greatest drop in composite strength takes place during thermal
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decomposition in the temperature range of severest matrix
shrinkage. In the case of composites cont&ining VYB fiber (good
adhesion between matrix precursor and fiber, due to the high
specific surface area of the fiber), the bending and tensile
strength of'the completely decomposed comp6sites drop below the
strength of the unreinforced carbon matrix.

It was also found that fibers of low specific surface area
(stretch-graphitized Thornel types) withstand thermal decompo-
sition of the composite without appreciable damage to the fiber
(pronounced drop in bending strength while tensile strength
remains unchanged). This information opens up the possibility
of preparing carbon composites by multiple reimpregnation and
recarbonization. In this experimental stdidy, the maximum bending
strength of 34 kp/mm2 for a carbon-carbon composite prepared in
this manner was achieved after four recarbonizations, corresponding
to about 35% utilization of the strength of the Thornel fiber used.
The interlaminar shear strength of this composite reaches only
0.9 kp/mm 2 , however.

The results of these systematic experiments show the
necessity of plasticizing the matrix precursor during the
decisive coking stage. Of the many possible approaches, the
example of the particularly sensitive VYB fiber was used in a
preliminary attempt to increase the plasticity of the phenblic /178
resin matrix by addiingngoal-tar pitch, but without success in
terms of improving composite properties.

The rest of the work therefore concentrated on the more
promising use of polyimide resins combined with high-strength
Thornel 50 fiber, which exhibits a smoother surface, since these
resins pass through an albeit narrow temperature range of
plastic deformability.

With QX-13 polyimide resin as the matrix starting material
and a fiber content of about 40 vol. %, it was possible to
obtain a fiber-reinforced carbon-carbon composite with a specimen
bending strength of 32 kp/mm 2 *ithout any reimpregnation treatment
after coking, corresponding to about 40% utilization of the
strength of the fiber employed. Measuring the interlaminar
shear strength of this composite yielded the surprisingly high
value of 2.5 kp/mm 2 . A few successive impregnation and recarboni-
zation steps can be expected to yield carbon-carbon c:omosites
whose properties at least correspond to those of composites
prepared by the expensive gas impregnation method.

It has been possible to indicate a promising pathway for
the industrial production of carbon-fiber-reinforced carbon com-
posites in this study on the various adhesion and pyrolysis
behaviors of polymeric carbon-fiber composites. A contribution
has perhaps thus also been made to the broader application of
this new, very special class of materials.
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